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Definitions 
active mass or  
active material.  The electrode substance in which the electrochemical reaction 
takes place (half-cell reaction) during charging and discharging 
processes. For example, nickel hydroxide in the positive 
electrode is the active mass. 
capacity.   It is defined as the total number of ampere-hours that can be 
withdrawn from a fully charged cell under specified discharge 
conditions. The capacity can be calculated by multiplying the 
constant discharge current by the time it takes to discharge. 
C-rate.   It is defined as the rate to charge or discharge the rated capacity 
of the battery. For instance, a 1000 mAh battery gives 1000 mA 
for 1 hour if it discharges at a 1 C-rate or 500 mA for 2 hours if 
it discharges at a 0.5 or C/2 C-rate. 
conductive holder.  It is a substance that is used to serve as a current collector which 
holds the active mass in position. 
counter electrode.  It is an electrode that links the electrolyte to the working 
electrode in order for the current to flow to the working 
electrode. 
electrode charging.  It is defined as the process of electrically storing energy in an 
electrode. The charging can be done either at a constant current 
or a controlled voltage. 
electrode discharging. It is defined as the process of electrically consuming energy 
stored in an electrode. The discharging can be done either at a 
constant current or a controlled voltage. 
electrolyte.  A substance which behaves as an electrically conductive 
medium, connecting the positive and the negative electrodes in 
the cell. 
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formation process.  Deposited nickel hydroxide is a poor conductor and exhibits 
poor capacity. The formation process charges and discharges the 
material and “forms” or changes it into an electrochemically 
active material. 
reference electrode.  It is an electrode which has a stable and well-known electrode 
potential. 
specific capacitance.  The charge required to cause unit potential difference per unit 
mass of active material in a conductor. The units of specific 
capacitance are farads per gram (F/g) or coulombs per volt per 
gram. 
specific energy.  It is also known as gravimetric energy density. It is used to 
indicate the amount of energy a cell can contains per unit mass 
of active material (W.h/kg). 
specific power.   It is used to reflect the rate capability or the amount of current 
that can be delivered per unit mass of active material (W/kg). 
working electrode.  It is the electrode where the reaction of interest takes place. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xv 
 
ABSTRACT 
Electrochemical capacitors (ECs), also known as supercapacitors or ultracapacitors, are 
energy storage devices with properties between batteries and conventional capacitors. EC 
have evolved through several generations. The trend in EC is to combine a double-layer 
electrode with a battery-type electrode in an asymmetric capacitor configuration. The 
double-layer electrode is usually an activated carbon (AC) since it has high surface area, 
good conductivity, and relatively low cost. The battery-type electrode usually consists of 
PbO2 or Ni(OH)2. 
In this research, a graphitic carbon foam was impregnated with Co-substituted Ni(OH)2 
using electrochemical deposition to serve as the positive electrode in the asymmetric 
capacitor. The purpose was to reduce the cost and weight of the ECs while maintaining or 
increasing capacitance and gravimetric energy storage density. The XRD result indicated 
that the nickel-carbon foam electrode was a typical α-Ni(OH)2. The specific capacitance 
of the nickel-carbon foam electrode was 2641 F/g at 5 mA/cm2, higher than the 
previously reported value of 2080 F/g for a 7.5% Al-substituted α-Ni(OH)2 electrode. 
Three different ACs (RP-20, YP-50F, and Ketjenblack EC-600JD) were evaluated 
through their morphology and electrochemical performance to determine their suitability 
for use in ECs. The study indicated that YP-50F demonstrated the better overall 
performance because of the combination of micropore and mesopore structures. 
Therefore, YP-50F was chosen to combine with the nickel-carbon foam electrode for 
further evaluation.  
Six cells with different mass ratios of negative to positive active mass were fabricated to 
study the electrochemical performance. Among the different mass ratios, the asymmetric 
capacitor with the mass ratio of 3.71 gave the highest specific energy and specific power, 
24.5 W.h/kg and 498 W/kg, respectively. 
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1.0 Introduction 
1.1 Research Motivation / Objectives 
Electrochemical capacitors (ECs), also called supercapacitors or ultracapacitors, store 
electrical charge within the electrochemical double layer at the electrode/electrolyte 
interface. In 1957, Becker obtained the first patent for ECs using a porous carbon 
electrode.1 In 1966, SOHIO patented a device that utilized the double layer interface for 
energy storage.2 ECs filled the gap between batteries and conventional capacitors. EC 
have a higher power density compared to batteries and a higher energy density compared 
to capacitors. In addition, they have a longer cycle life compared to batteries because 
only a physical charge is involved. In recent years, this has created a focus on ECs in the 
market because of the need for high power and long cycle life energy storage devices.  
There are three generations of ECs.3 The first generation is called symmetric capacitors 
(having the same electrode material for both positive and negative electrodes; usually, a 
high surface area carbon is used) with an aqueous electrolyte. The second generation is 
symmetric carbon capacitors but with a nonaqueous electrolyte. This type of capacitor 
can achieve higher voltages, up to 2.7 V, which increases the energy density over earlier 
ECs. The third generation is called asymmetric capacitors. In asymmetric capacitors, a 
rechargeable battery-type electrode (faradaic) is combined with a double-layer type of 
electrochemical capacitor electrode (non-faradaic).4 Asymmetric capacitors are more 
favorable compared to symmetric capacitors because they have higher capacitance and 
power density due to the battery-type electrode.5   
The common types of asymmetric capacitors are PbO2|H2SO4|C and NiOOH|KOH|C. The 
NiOOH|KOH|C system is of particular interest because nickel electrodes are well known 
in the battery industry since they can operate at low temperatures and are capable of a 
high rate of discharge. For the past few years, Michigan Technological University (MTU) 
has performed cycling tests using a nickel-carbon foam positive electrode in flooded 
cells.6 The capacity and cycle life of these cells at a variety of discharge rates are 
competitive with those batteries currently required by consumer electronics and power 
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tools. Operating prototype sealed cells with this new positive electrode and a carbon 
negative electrode are needed to understand the electrochemical performance relative to 
other asymmetric capacitors with NiOOH|KOH|C system. Studying the morphology and 
chemical structure will allow for a better understanding of the electrochemical behavior 
observed in the sealed cells.  
The objectives of this research are: 
(i) To determine the specific capacitance and the material characteristics of the 
nickel-carbon foam electrode. 
(ii) To examine different carbon-based materials to serve as the negative electrode in 
an asymmetric capacitor through the study of an electric double layer capacitor 
(EDLC) and the carbon-based materials’ morphology. 
(iii) To determine the optimum mass ratio (negative to positive active mass) for 
maximum specific energy through the study of electrochemical performance of 
the asymmetric capacitors assembled with different mass ratios. Research has 
shown that employment of the nickel hydroxide electrode in an asymmetric 
capacitor required determination of the optimum mass ratio.7 
1.2 Research Methodology  
Commercially, nickel hydroxide is deposited or pasted on a conductive support to make 
the nickel electrodes.8,9  The conductive support serves as a current collector which holds 
the active mass in position. In recent years, a graphitic carbon foam was impregnated 
with nickel hydroxide to make a nickel-carbon foam electrode and was tested in flooded 
cells. These have shown promising results.6 A sealed cell with a nickel-carbon foam 
positive electrode is needed to ascertain the possibility of replacing the nickel metal 
current collector with carbon foam.  
The most commonly studied sealed cells in the laboratory are coin cells and “Swagelok® 
cells”. A “Swagelok® cell” is a sealed cell with limited electrolyte that is constructed 
using a compression tube fitting as a cell casing. Figure 1.1 shows a typical “Swagelok® 
3 
 
cell”. All the sealed cells in this research are constructed similar to this “Swagelok® cell” 
because this design has the following advantages: 
(i) Flexibility: The cell can be assembled and disassembled easily. This enables easy 
modifications and permit observations of any physical changes in the 
electrodes.    
(ii)  Large electrodes: The size of electrodes can be thicker compared to those in coin 
cells which makes preparation of the electrodes simpler. 
(iii) Reusability: The cell can be reused multiple times. 
                                                        
Figure 1.1. Typical Swagelok® cell (open and assembled) and its cross-section.10 CE is defines as counter 
electrode. The permission of reprint is provided in Appendix D. 
1.3 Organization of this Dissertation 
This dissertation consists of eight sections. The first section discusses the reasons for 
conducting this research, the approach of the research, and the organization of this 
dissertation. The next four sections consist of four papers. Section 2 is an overview of the 
asymmetric capacitor focusing on the nickel hydroxide system. Section 3 is about the 
performance of an asymmetric capacitor with a nickel-carbon foam that serves as the 
positive electrode. Section 4 is about examining different carbon materials through the 
study of symmetric capacitors. Section 5 is about optimizing the performance of an 
asymmetric capacitor by changing the mass ratio. Section 6 is about comparing 
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asymmetric capacitors using different negative electrodes. Section 7 is about assembling 
a pouch cell to demonstrate commercialization viability. The last section summarizes the 
conclusions and suggested future work. This dissertation also includes appendices 
containing the details of experimental procedures, additional data, graphs, and reprint 
permissions. 
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2.1 Abstract 
ECs also known as supercapacitors, are energy storage devices with properties between 
batteries and conventional capacitors. Similar to batteries, ECs must be series connected 
in order to meet operating voltage requirements. Single cell voltage of ECs typically 
ranges from 1 to 3 V, depending on the electrolyte used. Fundamental principles, 
characteristics, and a brief history of ECs are discussed in this paper. A discussion of the 
third generation of ECs, especially the NiOOH|KOH|C system is also included. Third 
generation ECs, asymmetric capacitors, combine a rechargeable battery-type electrode 
(faradaic) and a double-layer type of electrochemical capacitor electrode (non-faradaic).  
2.2 Introduction 
ECs also known as supercapacitors or ultracapacitors, are energy storage devices which 
utilize the double layer formed at the electrode/electrolyte interface.11 The first patent, US 
2,800,616, describing ECs using a porous carbon electrode was by Becker in 1957.1 A 
device was patented in 1966 by SOHIO to store energy in the double layer interface (US 
3,288,641).2 ECs have been used as a backup power source for volatile computer and 
appliance memories for many years.12 In the 1990s, ECs became popular because of the 
application in hybrid electric cars. In this case, ECs obtained energy from the 
regenerative braking is used as a temporary energy storage device with high power 
capability. This stored energy is then redistributed in the following phase of acceleration 
of  the vehicle.13   
It is a known fact that batteries have a higher energy density whereas capacitors have a 
higher power density. This makes batteries a better choice for the storage of energy and 
capacitors a better choice for applications where energy needs to be expended or stored in 
quick powerful repetitive pulses. ECs fill in the gap between batteries and capacitors and 
this has made them draw attention in recent years. This niche can be represented in the 
Ragone plot in Figure 2.1. As illustrated in Figure 2.1, ECs have a higher specific energy 
than capacitors and have a higher specific power than most batteries. In addition, ECs are 
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believed to have long cycle life because no, or negligible, chemical reactions are involved. 
The storage mechanism is based on physical charge storage.   
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Figure 2.1. A generalized Ragone plot comparing energy storage and conversion devices.  
The principle of energy storage for ECs utilizes the double layer, also known as the 
Helmholtz layer, formed at the electrode/electrolyte interface. It was first described in the 
work of Hermann von Helmholtz in 1853. His work focused on a “physical model in 
which a single layer of ions is adsorbed at the surface”.14 Louis Georges Gouy and David 
Leonard Chapman extended the model by proposing a diffuse electrical double layer. 
However, this model is not suitable for highly charged double layers.14 Therefore, Stern 
combined Helmholtz and Gouy-Chapman models to overcome this limitation.14 The most 
recent model is by Bockris, Devanathan, and Muller (BDM’s model). This model shows 
the presence and orientation of solvent dipole (Figure 2.2).14 
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Figure 2.2. Schematic of double layer on electrode (BDM model). 1 and 2 denote the inner and outer 
Helmholtz layers, respectively.  3 is the diffuse layer. 4 is the solvated ions and 5 is the peculiar adsorbed 
ions. Lastly, 6 is the solvent molecule. Figure reproduced from reference 14.  
Capacitance (C) is defined as the ability to hold an electrical charge. Capacitance can be 
expressed as the ratio of a charge (q) to the inter-plate voltage (V) as shown in equation 
2.1.  The unit of capacitance is the farad (F) or coulombs per volt. 
V
qC =             (2.1) 
The common type is the parallel-plate capacitor.15 Its capacitance depends on the area of 
the contact plates (A) and the distance between the plates (d) as show in equation 2.2. For 
a smooth electrode in a solution with high electrolyte concentration, the capacitance is 
about 10-20 μF/cm2.13 However, a higher capacitance can be achieved for a porous 
electrode with a large internal effective area (1000 or more m2/g).  
d
AC ∝           (2.2) 
“Capacitance is also a measure of the amount of electrical energy stored (or separated) 
for a given electric potential.”15 As shown in equation 2.3, the stored energy in ECs 
directly proportional to the capacitance and increases as the square of the cell voltage as 
charge is accumulated. 
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2
2
1 CVEnergy =          (2.3) 
Similar to batteries, ECs must be series connected in order to meet operating voltage 
requirements. This is because the operating voltage of ECs is limited by the breakdown 
potential of the electrolyte and therefore much lower than that of conventional capacitors. 
There are differences between batteries (rechargeable) and ECs, even though both serve 
as energy storage devices. The main difference between the two is batteries use chemical 
charge storage whereas ECs use physical charge storage. The power density for batteries 
is lower because it is limited by reaction kinetics and mass transport. When charging or 
discharging most batteries, the operating voltage is relatively constant, whereas there is 
consistently an intrinsic increase of voltage on charge or decrease on discharge for ECs. 
The cycle life of batteries is usually has several hundreds of cycles but ECs can endure 
millions of cycles. This is because the storage mechanism of ECs is a highly reversible 
electrostatic charge whereas batteries involve electrochemical conversions of active 
mass.16 Table 2.1 summarizes the differences between the two.  
Table 2.1. 
Differences between rechargeable batteries and ECs.  
Property Secondary Batteries Electrochemical Capacitors 
Storage mechanism Chemical Physical 
Power density Lower, slower Higher, faster 
Energy limitation Electrode mass (bulk) Electrode surface area 
Output voltage Approximate constant value Sloping value  
Charge rate Kinetic reaction, mass 
transport limited 
Very high, same as discharge 
rate 
Cycle life Up to several hundreds Up to millions  
Life limitation Thermodynamic stability Side reactions 
 
ECs have evolved through several generations. The first generation is the symmetric 
construction with an aqueous electrolyte. Symmetric construction means the same type of 
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electrode material has been used for both positive and negative electrodes of the ECs 
device. Therefore, this type of capacitor is also called EDLC. High surface area carbon 
usually serves as the electrode material. It was originally produced with stored energy up 
to ten joules.12  Besides high surface area carbon, ruthenium dioxide was the favored 
electrode material in early ECs, especially in the space and military applications.17 These 
capacitors gave high specific power, but never reached commercial scale production 
because the cost for the electrode material was high.  
The second generation is the symmetric carbon capacitors but with a nonaqueous 
electrolyte. This type of capacitor can achieve higher voltage, up to 2.7 V, and hence 
increases in energy density over earlier ECs. The cell voltage is limited by the water 
content of the electrolyte.13 The disadvantage of this second generation ECs in the early 
stage is that it is lower in power performance due to the use of the low conductivity 
electrolyte. However, with the electrolyte changed to acetonitrile (higher conductivity), 
the power performance can compete with those with aqueous electrolyte ECs.  
The third generation of ECs, introduced in 1997, is called an asymmetric capacitors.18,19 
The beginning of asymmetric capacitors development was by a Russian company, ESMA. 
This capacitor used a nickel (NiOOH) positive electrode with a high surface area carbon 
negative electrode in a potassium hydroxide (KOH) electrolyte. 18 In asymmetric 
capacitors, a rechargeable battery-type electrode (faradaic) is combined with a double-
layer type of electrochemical capacitor electrode (non-faradaic).4 Therefore, this cell has 
a higher capacitance because the faradaic positive electrode has a much larger 
capacitance (C+ve>>C-ve, refer to equation 2.4, CCell = total capacitance of the cell, C+ve = 
capacitance of the positive electrode, C-ve = capacitance of the negative electrode).5 In 
addition, the capacity of the positive electrode is much larger than the negative electrode, 
which reduces the depth of discharge of the positive. As a result, the positive electrode 
has a longer cycle life which allows the asymmetric capacitor to have a high cycle life. 
  
veveCell CCC −+
+=
111                 (2.4) 
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The most common systems for the faradaic electrode are the PbO2/PbSO4 and the 
NiOOH/Ni(OH)2 materials.19,20 The faradaic electrode has advantages and disadvantages 
relative to the non-faradaic electrode. The advantages are listed below: 4 
a. It has higher energy density. 
b. It has a relatively constant voltage profile; except for Li-intercalation electrodes. 
c. It is more stable as the potentials are thermodynamically based. This can help the 
self-discharge of the asymmetric capacitor cell become less, as it is determined 
by only one electrode rather than two electrodes (potentials in opposite directions) 
in the symmetric cell. 
The disadvantages are listed below: 4 
a. It has lower power density. 
b. It has less cycle life. 
c. Its cycle life depends on the charge and discharge rates and the depth of discharge. 
d. The performance of the faradaic electrode under different temperatures is 
different from the non-faradaic electrode because involves different activation 
energies and temperature-dependent degradation processes. 
e. It is less reversible and can only be cycled at lower C-rates due to phase changes 
(not a problem with NiOOH). 
This paper is focused on the asymmetric capacitors in which a nickel (NiOOH) positive 
electrode and a high surface area carbon negative electrode are used in a potassium 
hydroxide electrolyte (NiOOH|KOH|C). This system is one of the oldest and well-studied 
electrochemical systems with industrial production and mass application.21 The use of 
this system is for starting internal combustion engines and electric transport.22 The 
principles on which asymmetric capacitors operate are based on charge and discharge at a 
constant current. During charging, the faradaic electrode undergoes a change in the 
oxidation state, while the non-faradaic electrode physically absorbs hydrated K+/H+ ions 
at the interface.7 During the discharge, the opposite behavior occurs. Figure 2.3 shows the 
schematic diagram of the reactions that occur at both electrodes. 
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Figure 2.3. Schematic diagram of the charge/discharge process of asymmetric capacitors.  
2.3 Nickel Electrode  
The nickel electrode is the positive electrode for all nickel-based batteries. The first 
nickel-based battery, Ni-Cd battery, was built in 1900 by Waldemar Junger and Karl 
Berg.23  This battery dominated the market for a long period due to its long cycle life and 
wide range of operating temperatures. The efficiency of nickel batteries significantly 
depends on the nickel electrode. Commercially, nickel hydroxide is deposited or pasted 
on a conductive holder to make the nickel electrodes.8,9  The conductive holder serves as 
a current collector which holds the active mass in position. Improvement on the positive 
electrode therefore becomes the highest priority in increasing the performance of the 
nickel-based energy storage systems. Over the years, different types of nickel electrode, 
such as a pocket electrode, pressed electrode, and sintered electrode, have been 
developed to improve the performance, lower the manufacturing cost, and reduce 
emission of waste materials. 
The primary attraction of ECs is that the charge and discharge processes are reversible. 
This means the energy consumed during the discharge can be replaced by recharging the 
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EC. The nominal redox reaction that takes place in the nickel electrode is given in 
equation 2.5. Nickel oxyhydroxide (NiOOH) is the active mass of the nickel electrode in 
the charged state. During the charging process, nickel hydroxide (Ni(OH)2) is oxidized to 
NiOOH. During the discharge process, NiOOH is reduced to Ni(OH)2. A consequence of 
charge and discharge is a change in the structure of the active mass. Over the years, 
research has been done to further understand and improve the properties of nickel 
electrodes by studying the charge and discharge processes of nickel electrode.  
( ) −− ++↔+ eOHNiOOHOHOHNi 22              (2.5) 
Bode, et al. proposed the reaction in terms of four phases (see Figure 2.4): (i) an 
anhydrous phase termed β-Ni(OH)2, (ii) a hydrated phase termed α-Ni(OH)2, (iii) an 
oxidized phase termed β-NiOOH, and (iv) an oxidized phase termed γ-NiOOH.24 
Oxidation or charging of α-Ni(OH)2 forms γ-NiOOH and the oxidation of  β-Ni(OH)2 
forms β-NiOOH. The β-phase converts to γ-phase on overcharge and takes the active 
materials to the α-γ cycle. In concentrated alkali, the α-phase ages to the β-phase and 
back to the β-β cycle.  
α γ− −
← 
 →Ni OH NiOOH( )2 disc
charge    
harge
β β− −
← 
 →Ni OH NiOOH( )2 disc
charge    
harge
OverchargeAging
 
Figure 2.4. Bode diagram – two electrochemical cycles and their transformation via aging and overcharge 
process. 
Nickel active material is considered to be a layered structure of NiO2. Each layer is 
composed of a sandwich of two close packed oxygen layers (AB) with nickel cations 
filling the octahedral interstices. These NiO2 layers can then be stacked in either close 
(ABAB) or non-close (ABBCCA) packed structures. β-Ni(OH)2 has an ABAB close 
packed structure, while γ-NiOOH has the ABBCCA non-close packed structure.25 It was 
14 
 
initially thought that α-Ni(OH)2 had the ABAB close packed structure as well.25 However, 
Cornilsen and co-workers showed that these four active materials all have an ABBCCA 
non-close packed structure.9,25,26  Note that β and 2β differ in structure. Figure 2.5 
summarizes these results. 
α-Ni(OH)2
 
charge      
discharge
22 Ni(OH) 3 NiOOH
→
←α − γ −
 
charge      
discharge
22 Ni(OH) 3 NiOOH
→
←β − β −
 
charge      
discharge
2Ni(OH) NiOOH
→
←β − β −
Aging Overcharge
Aging
Formation
Formation
…ABBCCA…
Stacking
…ABAB…
Stacking  
Figure 2.5. Modified Bode diagram – three electrochemical cycles and their transformation via aging and 
overcharge. 27 The permission of reprint is provided in Appendix D. 
The 2α/3γ and 2β/3β cycles have the non-close packed structure and therefore there is no 
phase change during the reaction.9  A structural change is involved as the 2α and 2 β age 
because true β materials are close packed. Cornilsen and co-workers also showed that the 
nickel hydroxides in active mass are nonstoichiometric, containing point defects.9,25-27 
During “forming” and cycling the nickel electrode nonstoichiometry can and does change 
(see equation 2.6).27 Most importantly this nonstoichiometry controls the oxidation states 
of the 2α (2.67), 3γ (3.67), 2β (2.25), and 3β (3.25) phases.9 
( )
( )
arg2.67
2.67 2.67 arg0.33
3.67
2.67 1.33 20.33
1.33 0.33
1.33 1
ch e
Ni disch eNi V O H OH K
Ni K O H H O e
− +
−
  + + ←→ 
  + + 
 (2.6) 
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2.4 Carbon Electrode 
Carbon, especially activated carbon (AC), is commonly used as the electrode for energy 
storage devices. The reasons include (i) availability, (ii) low cost, (iii) high surface area, 
(iv) high conductivity, and (v) established electrode production technologies.28,29 
Carbon from different precursors can be activated using a thermal or chemical process to 
increase the surface area and the porosity. Thermal activation is a gasification process to 
modify the precursor at temperatures between 700 and 1100 oC. The common gases used 
are steam, carbon dioxide, air, and mixtures of these gases. Chemical activation activates 
the carbon by dehydrating phosphoric acid, zinc chloride or potassium hydroxide at 
temperatures between 400 and 700 oC. Post-activation is needed for this process to 
remove the residue from the reactants and also from the carbon precursors. A high 
surface area of up to 3000 m2/g can be achieved from the activation process. In general, 
the larger the surface area of carbon, the higher the ability for charges to accumulate at 
the electrode/electrolyte interfaces and hence the higher the capacitance.30, 31 However, 
not all the ACs follow this trend perfectly. This is because not all the micropores are 
electrochemically accessible for the electrolyte ions.32, 33 For AC, the capacitance is 
between 100 to 200 F/g in aqueous solution and 50 to 150 F/g in organic solution.31 The 
reasons for the higher value in aqueous solution are the smaller size of the solvated ions 
and higher dielectric constant compared to organic solution.  
As seen in the above, the pore structure on carbon plays a vital role in the performance of 
the capacitor. For a high power application, large pore size is more favorable because 
better ion diffusion can occur. However, this will in turn decrease the surface area. A 
carbon with wide pore size distribution and random connected pores will limit the charge 
storage capacity and rate capability. In addition, the electrolyte may not reach those 
isolated or closed pores and ions are difficult to move when the pore network is irregular. 
Therefore, to assure good charge distribution and delivery, the carbon should have 
micropores of narrow pore size interconnected with a regular network. In addition, a 
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sufficient amount of mesopores are also needed for a rapid mass transport of electrolyte 
ions to the electrode.30,34,35 
Another factor to take into consideration when choosing an appropriate carbon to use in 
ECs is the functional groups, such as oxygen, nitrogen, sulfur, and hydrogen, that are 
present in the carbon. A variable amount of foreign elements can be present in carbon due 
to different precursors and processing conditions. These foreign elements can modify the 
electrochemical interfacial state of the carbon surface and its double-layer properties (e.g. 
absorption of ions and wettability).30 Among the common functional groups, nitrogen is 
the most studied element in the literature.36-38 
In the future, the development of carbon electrodes should focus on tailor-made pore size 
distribution with foreign elements to yield electrodes with high capacitance and also 
maintain low cost. 
2.5 Electrolyte 
The electrolyte use in asymmetric capacitors can be categorized into solid and liquid. An 
example of a solid electrolyte is polyacids (e.g. isopolyacids and heteropolyacids) but it is 
not preferred due to high corrosion.39  Liquid electrolytes can be either organic or 
aqueous. An organic electrolyte allows the cell voltage of the ECs to be above 2 V, 
whereas an aqueous electrolyte limits the cell voltage to < 1.2 V. Thus, aqueous 
electrolytes have a lower stored energy compared to organic electrolytes according to 
equation 2.3. A Japanese company plans to increase the voltage window to 3.2 V by 
applying extreme purification procedures on the organic electrolyte and reducing the 
corrosion of carbon electrodes by special protective coatings.40 This will further increase 
the stored energy of EC.  
The disadvantage of an organic electrolyte is it has lower power performance (at least 
lower by 20 times) compared to a concentrated aqueous electrolyte.13 In addition, an 
aqueous electrolyte usually has the advantages of low cost and non-flammability 
compared to an organic electrolyte. This makes it the preferred electrolyte.  
17 
 
One important thing, the concentration of the electrolyte has to be high to avoid 
degradation problems during the cycling of the ECs. This is extremely important for an 
organic electrolyte where the electrolyte solubility is low.41 For a nickel hydroxide 
asymmetric capacitor, the preferred electrolyte is KOH with a typical concentration 
between 25 and 45 weight percent.42 
2.6 Conclusions 
ECs have evolved through three generations. The first and second generations are 
symmetric capacitors with different electrolytes. The third generation is called 
asymmetric capacitors. It has higher capacitance and energy density compared to 
conventional capacitors due to the use of faradaic electrode as the positive electrode. 
The NiOOH|KOH|C system is discussed in this paper. NiOOH is the active mass of the 
nickel electrode in the charged state. The charge and discharge processes involve a 
change in the oxidation state or defect content. In addition, the nickel hydroxides in 
active mass are nonstoichiometric, containing point defects that control the oxidation 
states. Carbon materials are commonly used as the negative electrodes in asymmetric 
capacitors. When choosing a suitable carbon electrode, surface area, pore size, and the 
functional groups attached to the carbon need to be taken into consideration. Aqueous 
electrolyte is preferred even though it lowers the stored energy in the capacitor. This is 
because it has cost and safety advantages. The electrolyte used in nickel asymmetric 
capacitor is KOH with a typical concentration between 25 and 45 weight percent. 
ECs, especially the NiOOH|KOH|C system, may well be the next generation of energy 
storage for certain applications requiring high cycle life and high rate capabilities as it 
combines the advantages of both capacitors and rechargeable batteries. More research 
and development is needed in order to further reduce the manufacturing cost and increase 
the cell voltage. 
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3.1 Abstract 
Carbon foam impregnated with nickel hydroxide via an electrochemical deposition 
method was prepared for the positive electrode of an asymmetric capacitor. In this 
application, carbon foam was chosen to serve as the current collector due to its electrical 
conductivity, pore size, connectivity, nominal cost, and light weight. The surface 
morphology and chemical structure of the positive electrode were studied through 
FE-SEM and XRD. The FE-SEM results demonstrated that the positive electrode has 
uniform particles and a loose packed structure. The XRD results indicated that the 
deposited positive electrode is a typical α-Ni(OH)2. The specific capacitance of this 
nickel-carbon foam electrode was found to be 2641 F/g at 5 mA/cm2, which was higher 
than the reported literature value of 2080 F/g for a 7.5% Al-substituted α-Ni(OH)2 
electrode. The nickel-carbon foam electrode was then combined with a commercial AC 
to become an asymmetric capacitor. The average specific capacitance and specific energy 
of the cell for a cell voltage between 1.4 to 0.8 V were 129.2 F/g and 19.9 W.h/kg, 
respectively.  
3.2 Introduction 
ECs, also known as supercapacitors or ultracapacitors, have drawn attention in recent 
years because they can store and deliver energy at relatively high rates. The energy 
storage mechanism of ECs is the ion double layer formed at the electrode/electrolyte 
interface.11 In addition, ECs have a higher power density compared to batteries. This 
makes ECs a better choice for applications where energy needs to be expended or stored 
in quick, powerful repetitive pulses. Currently, the most promising application is to use 
ECs in electric hybrid vehicles. Another advantage of ECs is they provide a longer cycle 
life than batteries. This is because no volume change (unlike a faradaic electrode) is 
observed in the highly-reversible electrostatic charge storage mechanism in the ECs.16 
ECs have evolved through several generations. The first and second generations are 
symmetric capacitors with aqueous and organic electrolytes, respectively. The third 
generation is called asymmetric capacitors. They were introduced in 1997 and developed 
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by a Russian company, ESMA.18,19 In asymmetric capacitors, a rechargeable battery-type 
electrode (faradaic) is combined with a double-layer type of electrochemical capacitor 
electrode (non-faradaic).4 Therefore, this cell has a higher capacitance because the 
faradaic positive electrode has a much large capacitance (C+ve>>C-ve, refer to equation 
2.4).5         
Two common types of asymmetric capacitors are PbO2|H2SO4|C and NiOOH|KOH|C. 
The NiOOH|KOH|C system is of particular interest because it can operate at low 
temperatures and is capable of high rates of discharge.  
In this work, a carbon foam (conductive support) impregnated with nickel hydroxide 
using an electrochemical deposition method serves as the faradaic electrode in the EC. 
Carbon foam is used as the conductive support due to its electrical conductivity, pore size, 
and connectivity.6,43 In addition, the low material cost and light weight of carbon foam 
overcome two of the disadvantages of the nickel electrode. Electrochemical deposition 
was chosen because it gave the highest level of loading compared to chemical and 
thermal impregnation.6 Furthermore, the electrode loading and pore filling can be 
controlled precisely by changing the deposition bath temperature and the deposition 
potential.44 
3.3 Experimental Setup 
3.3.1 Preparation of a Nickel-Carbon Foam Positive Electrode  
Carbon foam from Poco Graphite, Inc. was studied as an alternative positive electrode 
support. The carbon foam was washed with a deionized water/ethanol solution in a 
sonicator bath for 30 minutes to remove any loose particles and then dried under vacuum 
prior to use. The entire deposition process was maintained at 70oC in a heating bath and 
conducted using the Arbin MSTAT electrochemical testing system.6 Table 3.1 
summarizes the conditions for the electrochemical deposition. The reagents were all of 
AR grade and the water used in the synthesis was deionized. In addition, the nickel 
hydroxide solution contained 45 vol% denatured ethanol, which serves as a wetting agent. 
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The advantages of adding ethanol are to lower the deposition temperature, increase the 
loading level, and reduce electrode swelling.6 
Table 3.1.  
Conditions for electrochemical deposition.  
Step
Counter 
Electrode
Ni(NO3)2 
Conc. 
(M)
Co(NO3)2 
Conc. 
(M)
Temperature 
(oC)
Current 
Density 
(A/cm2)
Time 
(min)
Pre-deposition 0.055 45
Deposition 0.100 (variable)
70Ni 1.8 0.26
 
After deposition, the nickel-carbon foam electrode was washed with deionized water to 
remove excess Ni(NO3)2 and the electrode was formed to convert the nickel hydroxide 
into active mass. The formation process occurred as the nickel hydroxide underwent 5 
cycles of charge and discharge in a flooded cell. The aqueous electrolyte contained 26 
wt% of KOH. The first cycle was charged for 60 minutes at 70 mA/cm2 and discharged at 
70 mA/cm2 to 0 V (relative to Hg/HgO). The next 4 cycles were charged for 45 minutes 
at 20 mA/cm2 and discharged at 20 mA/cm2 to 0.15 V. 
3.3.2 Materials Characterization 
The morphologies of carbon foam (as-received) and nickel-carbon foam positive 
electrodes were investigated using field emission scanning electron microscope (FE-SEM) 
(Hitachi S-4700). X-ray diffraction (XRD) was performed on a Scintag XDS2000 powder 
diffractometer with Cu Kα radiation (λ = 1.5406 Å) operating at 45 kV and 35 mA to 
characterize the structure of carbon foam (as-received) and Ni(OH)2 active materials. 
3.3.3 Electrochemical Characterization 
3.3.3.1 Flooded Cell Capacitance Measurement 
After the formation process, the nickel-carbon foam electrode was transferred to a 
flooded cell to measure its capacitance. A schematic of the flooded cell is shown in 
Figure 3.1. The cell was a 250 ml sample jar with four components: two counter 
electrodes (nickel foil plates), a working electrode (nickel-carbon foam electrode), and a 
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Hg/HgO reference electrode. The aqueous electrolyte contained 26 wt% of potassium 
hydroxide (KOH). 
Counter Electrode
Reference Electrode
Working Electrode
Stainless Steel Holder
Electrolyte  
 
Figure 3.1. Schematic of the flooded cell for capacitance measurement.  
3.3.3.2 Fabrication of an Asymmetric Capacitor Cell 
After the formation process, the nickel-carbon foam electrode was transferred to a sealed 
cell, which acts as an asymmetric capacitor, for cycling to examine its electrochemical 
properties. The sealed cell consisted of a clear perfluoroalkoxy fluorocarbon (PFA) 
compression tube coupling (body, nuts, and ferrules) for ¾-in ID tubing from McMaster-
Carr, along with two ¾-in OD SS plungers. The two gripping rings were poly(ethylene-
co-tetrafluoroethylene) (ETFE). The nickel-carbon foam positive electrode was placed 
against a nickel mesh to ensure good connectivity with one of the plungers. Two layers of 
separator membrane made of microporous polypropylene were soaked with electrolyte 
solution (26 wt% KOH) and then placed against the positive electrode. A commercial 
carbon negative electrode was placed against the separators to complete the electrode 
stack. Before placing the negative electrode into the PFA cell, the negative electrode was 
soaked for days in the electrolyte to allow electrolyte uptake within the pores. A nickel 
mesh was placed against the negative electrode for good connectivity. Then, a plunger 
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was inserted on the negative electrode side. The nuts compressed the ferrules to hold the 
plungers in place and to provide a seal. Figure 3.2 shows the schematic view, 
unassembled and assembled sealed cell.  
E-1
E-2
PFA Cell
Stainless Steel 
Plunger
+ve Electrode
Separator
-ve Electrode
Current Collector
 
Figure 3.2. A sealed cell using a PFA fitting. Left photo is the schematic view of the cell and the right 
photos are the unassembled and the assembled cell.  
 
3.4 Results and Discussion 
3.4.1 Nickel-Carbon Foam Positive Electrode 
During the deposition, cobalt hydroxide was deposited along with the nickel hydroxide to 
produce a solid solution.45,46  The addition of the cobalt is believed to enhance the 
electrical conductivity of the electrode, raise the oxygen evolution potential, and prolong 
the cycle life of the electrodes.47-49 The deposition involves 2 steps at a constant current 
and 70oC. These optimized conditions were based on observations of the performance of 
the nickel-carbon foam positive electrode.50 The first step is called pre-deposition. Based 
on previous experience in flooded cells, carbon foams that underwent this treatment 
performed better during charge/discharge cycling. This step is believed to have modified 
the surface structure of the carbon foams and therefore improved the active mass 
loading.50 The second step is the deposition, where active mass is deposited into the pores 
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of the carbon foam. Figure 3.3 shows the change in potential during a constant current 
deposition. At about -2.9 V (where it was fully loaded), the pores were filled and green 
Ni(OH)2 began to deposit on the surface. Since each electrode behaved differently, the 
voltage was monitored to determine when surface deposition began to take place.  
Before the electrode is able to undergo charge/discharge cycling, the electrode must be 
subjected to a forming process to convert the nickel hydroxide into active mass. This 
activation changes the electrode structure, increasing conductivity, and achieves stable 
charge and discharge behavior (refer to Figure 3.4). The number of cycles required for 
the forming process must be keep to a minimum to reduce the cost of manufacturing a 
positive electrode. 
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Figure 3.3. Change in potential during constant current impregnation at 0.1 A/cm2 in 1.8 M Ni(NO3)2 and 
0.26 M Co(NO3)2. 
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Figure 3.4. Voltage profile of the forming process for a nickel hydroxide electrode relative to a Hg/HgO 
reference electrode. Complete formation is defined when the last two cycles have the same capacity.  
3.4.2 Materials Characteristics 
The morphologies of a carbon foam and of a nickel-carbon foam positive electrode were 
investigated by FE-SEM. Figures 3.5 and 3.6 show the FE-SEM images of the surface 
and cross-section of a carbon foam sample. As indicated in these figures, this carbon 
foam shows cell wall integrity with small pore size and uniform pore shape, which 
indicates good conductivity and hence suitability to serve as the current collector in 
electrochemical applications.6,43 Figure 3.7 shows FE-SEM images of the surface of a 
nickel-carbon foam electrode. Uniform particles and a loose packed structure are 
apparent. This may make it easier for electrolyte ions to access the Ni(OH)2 active 
material. As a result, good capacitive performance would be expected. The cross-section 
of the electrode (Figure 3.8) illustrates the extent of deposition in the inner pores of the 
carbon foam. As demonstrated in Figure 3.8, the Ni(OH)2 almost fully loads the carbon 
foam and is well distributed in the pores. 
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The structures of carbon foam (as-received) and a nickel-carbon foam electrode were 
characterized using powder XRD measurements. Figure 3.9 shows the XRD powder 
pattern of the carbon foam. The pattern can be indexed on a hexagonal cell with lattice 
constants of a = 2.461 Å and c = 6.705 Å. These lattice constants agree with the 
literature.51 The sharp diffraction peak at (002) of carbon foam implies a high degree of 
crystallinity and a highly ordered plane. Figure 3.10 shows the XRD powder pattern of a 
nickel-carbon foam electrode. The pattern can be indexed on a hexagonal cell with lattice 
constants of a = 3.091 Å and c = 24.184 Å. The characteristic peaks, at 11.0o, 22.0o, 34.1o, 
60.0o, and 61.1o 2-theta, indicate the nickel-carbon foam electrode has a crystal structure 
of α-Ni(OH)2. The diffraction peak indexed at (002) belongs to the carbon foam. The 
broadened diffraction peaks at (003) and (006) of α-Ni(OH)2 imply a disordered plane. 
Powder patterns based on the above lattice constants were calculated using the program 
available at the Database of Zeolite Structures.52 The information used to calculate the 
patterns and the calculated patterns for both the carbon foam and the nickel-carbon foam 
electrode can be found in Appendix B2.  
  
Figure 3.5. FE-SEM images of surface morphology of carbon foam taken at 50x and 100x magnifications. 
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Figure 3.6. FE-SEM image of the cross-section morphology of a carbon foam taken at 100x magnification. 
 
 
 
  
Figure 3.7. FE-SEM images of surface morphology of carbon foam impregnated with Ni(OH)2 taken at 
100x and 1,000x magnifications. 
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Figure 3.8. FE-SEM images of cross-section morphology of carbon foam impregnated with Ni(OH)2 taken 
at 100x magnification. The left photo was taken near the edge of the foam and the right photo was taken 
near the center of the foam. 
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Figure 3.9. XRD powder pattern of a POCOfoam®. 
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Figure 3.10. XRD powder pattern of an as-deposited nickel-carbon foam electrode.  
3.4.3 Electrochemical Characteristics of the Nickel-Carbon Foam  
Positive Electrode 
The electrochemical capacitance behavior of the nickel-carbon foam positive electrode 
was evaluated in a flooded cell that contained 26 wt% KOH via a galvanostatic charge 
and discharge technique. The explanation for the advantage of this KOH concentration is 
reported by Lim and Loyselle.53,54 Figure 3.11 shows the voltage profile for the nickel-
carbon foam electrode during the charge and discharge processes. The first 4000 seconds 
represents the profile for the charge process. The profile for the discharge process is from 
4000 to 7800 seconds. The shape of the profile suggests pseudo-capacitance behavior, 
which results from the redox reaction at the electrode/electrolyte interface.55 (This 
behavior is substantiated in the upcoming discussion of Figure 3.13.) 
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The nickel- carbon foam electrode was cycled at different current densities (1, 5, 10, 20, 
and 50 mA/cm2) to determine the corresponding specific capacitances. Specific 
capacitance is calculated using equation 3.1. 
I tC
m V
×∆
=
×
                         (3.1) 
where  C = specific capacitance (F/g) 
  I = constant discharging current (A) 
 Δt = discharging time (s) 
 m = mass of active material (Ni(OH)2), estimated by Faraday’s law with a 
deposition efficiency of  37.5% 56 
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Figure 3.11. Typical charge and discharge curves for a nickel-carbon foam electrode relative to a Hg/HgO 
reference electrode cycled at 1 C-rate.  
The calculated specific capacitance values at discharge current densities of 1, 5, 10, 20, 
and 50 mA/cm2 were 2935, 2641, 2537, 1873, and 1182 F/g, respectively (see Figure 
3.12). These capacitance values demonstrate that this nickel-carbon foam electrode has 
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excellent electrochemical performance. The specific capacitance at 5 mA/cm2 (2641 F/g) 
is higher than the reported literature value of 2080 F/g.57 This suggests that the nickel-
carbon foam electrode could serve as the faradaic electrode in an asymmetric capacitor to 
achieve a high power density.  
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Figure 3.12. Specific capacitance at various discharge current densities.  
To further evaluate the nickel-carbon foam electrode, an asymmetric capacitor using this 
electrode and a commercial carbon electrode was assembled. Cyclic voltammetry (CV) 
and galvanostatic charge and discharge measurements were used to evaluate the 
asymmetric capacitor cell. Figure 3.13 shows the CV curves of the nickel-carbon foam 
electrode relative to a Hg/HgO reference electrode at different scan rates. As indicated by 
the curves, there are two redox peaks observed. Typical CV curves of the asymmetric 
capacitor at different scan rates are presented in Figure 3.14. The CV curves have a 
smaller area or capacitance at a high scan rate (i.e., 25 mV/s) as compared to a low scan 
rate (i.e., 5 mV/s). This may be caused by the high scan rate, where not all of the active 
surface area is accessible for charge storage. Large concentration polarization could also 
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appear easily.58 Figure 3.15 shows the charge and discharge behavior of the nickel-carbon 
foam/AC asymmetric capacitor. In the figure, the voltage profile varies linearly with 
time, which demonstrates that the cell has good capacitive behavior. Equation 3.1 was 
used to determine the specific capacitance of the asymmetric capacitor, with m being 
equal to the total mass of the active material for both nickel-carbon foam and AC 
electrodes. Over 1,000 cycles, the average specific capacitance and specific energy of the 
cell, for a cell voltage between 1.4 and 0.8 V, were 129.2 F/g and 19.9 W.h/kg, 
respectively. 
The stability of the nickel-carbon foam/AC asymmetric capacitor was observed through 
repeated charge and discharge processes. The cell was cycled at a current density of 
10 mA/cm2, between 1.4 and 0.8 V.  Figure 3.16 shows the specific capacitance over 
1,000 cycles. The results demonstrated a 15% decrease in the specific capacitance after 
1,000 cycles compared to its initial value, probably due to degraded performance of the 
faradaic electrode (nickel-carbon foam electrode).  
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Figure 3.13. CV of the nickel-carbon foam electrode relative to a Hg/HgO reference electrode at different 
scan rates in a T-cell. 
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Figure 3.14. CV of the nickel-carbon foam/AC asymmetric capacitor at different scan rates. 
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Figure 3.15. Charge and discharge behavior of the nickel-carbon foam/AC asymmetric capacitor at 
10 mA/cm2.  
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Figure 3.16. Specific capacitance as a function of cycle number for a nickel-carbon foam/AC asymmetric 
capacitor cycled at 10 mA/cm2. 
3.5 Conclusions 
Nickel hydroxide was impregnated within carbon foam via electrochemical deposition to 
determine its specific capacitance in flooded cell tests. The specific capacitance at 
different current densities indicated the nickel-carbon foam electrode is suitable to serve 
as the faradaic electrode in the asymmetric capacitor. The specific capacitance at 
5  mA/cm2 is higher than the reported value for a similar electrode (2641 vs. 2080 F/g).57 
The electrochemical behavior of the nickel-carbon foam electrode was further evaluated 
by assembling an asymmetric capacitor. The results from the cell indicated good 
capacitive behavior. The average specific capacitance and specific energy of the 
asymmetric cell for a cell voltage between 1.4 to 0.8 V were 129.2 F/g and 19.9 W.h/kg, 
respectively.  
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4.1 Abstract 
Three ACs (RP-20, YP-50F, and Ketjenblack EC-600JD) were used without further 
treatment as electrode materials for symmetric capacitors. The structures were 
characterized by XRD and N2 adsorption/desorption isotherms at 77 K. The 
electrochemical performance was evaluated in symmetric aqueous capacitors. The study 
indicated that these ACs were suitable to use in ECs depending on the application. In 
general, RP-20 and YP-50F are suitable to employ in high energy applications because of 
the combination of micropore and mesopore structures, whereas Ketjenblack EC-600JD 
is more suitable to employ in high power applications due to its high mesopore structure. 
4.2 Introduction 
ECs have drawn attention recently because they have higher specific power compared to 
batteries and higher specific energy compared to conventional capacitors. Moreover, ECs 
have the advantages of much longer cycle life and rapid discharge characteristics 
compared to batteries. ECs with the same type of electrode material for the positive and 
negative electrodes are called symmetric capacitors. Charge and discharge processes are 
carried out without involving chemical reactions (faradaic reactions). The energy is 
stored in the electric double layers (inner and outer Helmholtz layers). Therefore, this 
type of capacitor is also called EDLC.  
There are two types of electrolyte in symmetric capacitors, aqueous and non-aqueous. An 
aqueous electrolyte is preferred even though it has a lower stored energy because of low 
cost and safety advantages. Carbons, especially ACs, are commonly used in ECs because 
they are commercially available, inexpensive and have good electrochemical properties. 
Various ACs have been investigated to use in ECs.31,33,35,38 In general, the larger the 
surface area of the carbon, the greater the ability for ions to accumulate in the 
electrode/electrolyte interface, and hence the higher the capacitance. 30,31 In addition, the 
pore structure of the carbon also affects the performance of the capacitors.32,33 
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 In this work, the electrochemical performance of three different ACs was evaluated using 
symmetric aqueous capacitors. In addition, the morphologies of these ACs were 
compared. 
4.3 Experimental Setup 
4.3.1 Electrode Preparation 
RP-20 and YP-50F (Kuraray Chemical) and Ketjenblack EC-600JD (Akzo Nobel) were 
used without further treatment. Two batches of electrodes (90 and 95 wt% carbon) were 
prepared from each of the carbon black powders. This process was developed by 
Professor Stephen M. Lipka at the University of Kentucky.59 The binder used in this work 
was a PTFE solution from Aldrich (60 wt% in water). Normally, the electrodes were 
made on a 1.5 g carbon weight basis. The carbon black powder and PTFE were weighed 
according to the formulation, then mixed and ground together using a mortar and pestel 
for about an hour or until the PTFE was well-dispersed in the carbon black powder. Next, 
the mixture was heated at 120oC in an oven for an hour, followed by 20 minutes of 
further grinding in the mortar. The heating and grinding process was repeated three times. 
Then, the mixture was removed from the mortar and placed into a beaker. The mixture 
was pressed using a glass rod to form dough with the addition of isopropyl alcohol. The 
rod was used to roll the dough to the desired film thickness (0.6 mm), and it was 
subsequently air dried for a few hours to evaporate the isopropyl alcohol. The prepared 
film was cut into a circular shape with a diameter of 0.75 inches (1.9 cm) and heated at 
80oC in an oven for an hour. 
4.3.2 Materials Characterization 
Measurements of N2 adsorption/desorption isotherms were made at 77K using an 
ASAP2020 apparatus made by Micromeritics Instrument Corporation. For each carbon 
black and prepared electrode, the specific surface area and pore structure parameters were 
determined from the N2 isotherms by the Brunauer-Emmett-Tellet (BET) and the t-plot 
methods, respectively. The mesopore size distributions were analyzed by the 
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Barrett-Joyner-Halenda (BJH) method.60 Powder XRD was also used to compare the 
structures of these ACs. The operating conditions are listed in Section 3.3.2 of Chapter 3. 
4.3.3 Symmetric Capacitor Cell Preparation 
A symmetric capacitor was made of five components: (i) compression tube fitting as the 
cell body, (ii) plungers to hold the electrode stack and connect the cell to an Arbin 
MSTAT electrochemical testing system, (iii) carbon electrodes, (iv) two layers of 
separator membrane made of microporous polypropylene filled with electrolyte solution 
(26 wt% KOH), and (v) nickel mesh current collectors located between each electrode 
and the SS plunger. Figure 4.1 shows a schematic view and an assembled symmetric 
capacitor cell. 
E-1
E-2
PFA Cell
Stainless Steel 
Plunger
Electrodes
Separator
Current Collector
  
Figure 4.1. Schematic view and assembled symmetric capacitor cell. The cell body is constructed of a PFA 
fitting. 
4.4 Results and Discussion 
4.4.1 Materials Characteristics 
The N2 adsorption/desorption isotherms of the ACs are shown in Figure 4.2. For both 
RP-20 and YP-50F, a major N2 uptake occurs at low relative pressures (<0.1) and reaches 
a plateau at high relative pressures. This is a Type I isotherm, indicating both ACs are 
microporous.61,62 In addition, the isotherm of YP-50F also contains a hysteresis loop that 
39 
 
occurs at a relative pressure of ~0.45, which indicates the presence of some mesopores. 
Ketjenblack EC-600JD has a Type IV isotherm based on its adsorption and desorption 
curves.61 The hysteresis loop has a closure at a relative pressure of ~0.45 indicating the 
presence of mesopores. This hysteresis is also characteristic of a Type IV isotherm. Table 
4.1 summarizes the pore characteristics of ACs. All ACs have a BET surface area above 
1300 m2/g. As illustrated in Table 4.1, the majority of the pores for 
Ketjenblack EC-600JD are mesopores, and hence it has the largest average pore diameter. 
Figure 4.3 shows BJH mesopore size distributions of the ACs. As shown in Figure 4.3, 
RP-20 and YP-50F mainly contain micropores whereas Ketjenblack EC-600JD mainly 
contains mesopores. 
The pore characteristics of the prepared electrodes were also determined and are 
summarized in Table 4.2. The carbon/PTFE electrodes show isotherm behavior for N2 
adsorption/desorption similar to each individual AC (and, therefore, these are not 
reproduce here). The reduction in surface area, micropore, and mesopore for each of the 
electrode was likely caused by some of the area and pores being filled or blocked by the 
PTFE binder.  
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Table 4.1. 
Pore characteristics of ACs. 
Acs
BET 
(m2/g)
Micropore 
Area (m2/g)
Mesopore 
Area 
(m2/g)
Single 
Point 
Pore 
Volume 
10-6 m3/g
BJH 
Adsorption 
Average 
Pore 
Diameter 
(nm)
BJH 
Desorption 
Average 
Pore 
Diameter 
(nm)
RP-20 1333 1139 194 0.69 3.76 3.46
YP-50F (YP-17) 1314 1085 229 0.68 3.82 3.48
Ketjenblack EC-600JD 1422 44 1378 2.42 8.74 7.69  
Table 4.2.  
Pore characteristics of carbon/PTFE electrodes. 
Electrodes
BET 
(m2/g)
Micropore 
Area (m2/g)
Mesopore 
Area 
(m2/g)
Single 
Point 
Pore 
Volume 
10-6 m3/g
BJH 
Adsorption 
Average 
Pore 
Diameter 
(nm)
BJH 
Desorption 
Average 
Pore 
Diameter 
(nm)
95 wt% RP-20 1093 892 201 0.61 3.91 3.75
95 wt% YP-50F 1096 862 234 0.63 3.98 3.51
95 wt% Ketjenblack EC-600JD 1029 30 999 1.99 9.71 8.52
90 wt% RP-20 933 711 222 0.52 3.66 3.70
90 wt% YP-50F 932 718 214 0.54 4.07 3.67
90 wt% Ketjenblack EC-600JD 967 10 957 1.92 9.26 8.15  
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Figure 4.2. N2 adsorption/desorption isotherms of ACs. The upper graph contains the N2 
adsorption/desorption isotherms for the three ACs, and the bottom graph shows RP-20 and YP-50F data 
only. 
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Figure 4.3. Mesopore size distributions of ACs. The upper graph exhibits the mesopore size distributions 
for the three ACs, and the bottom graph shows RP-20 and YP-50F data only. V is the pore volume and D is 
the pore diameter. 
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The structures of the three ACs were characterized through powder XRD measurements. 
Figure 4.4 shows the comparison of XRD powder patterns of the three ACs studied. 
According to JCPDS, No 75-1621, the diffraction peak near 24o 2-theta can be indexed as 
(002), and the two diffraction peaks near 44o 2-theta can be indexed as overlap of (100) 
and (101). The broad peak at (002) indicates that these ACs are amorphous carbons. 
Ketjenblack EC-600JD has the sharpest peak, and therefore it is the most ordered.  
The specific capacitance of an AC is related to the sum of the capacitance of the basal 
planes and the capacitance of the edge planes.63 Figure 4.5 shows the diffraction peaks 
with the background subtracted. Among the three ACs, RP-20 has the largest basal plane 
(002) and edge plane ((100) and (101)) peak areas, followed by YP-50F and Ketjenblack 
EC-600JD. Therefore, RP-20F should have the highest specific capacitance, followed by 
YP-50F and Ketjenblack EC-600JD.  
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Figure 4.4. Comparison of XRD powder patterns of YP-50F, RP-20, and Ketjenblack EC-600JD. 
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Figure 4.5. Comparison of XRD patterns of YP-50F, RP-20, and Ketjenblack EC-600JD, with background 
subtracted. 
4.4.2 Cyclic Voltammetry 
CV was applied to check the charge and discharge reversibility of these symmetric 
capacitors. For an ideal symmetric capacitor, the shape of the CV is a rectangular shape. 
This means there is no significant oxidation and reduction peaks on the CV as there are 
no redox reactions involved during the charge and discharge processes. Figures 4.6, 4.7, 
and 4.8 show the CVs for the three AC electrodes. The CVs were carried out for scan 
rates of 1,5,10, and 25 mV/s, and the voltage window was controlled from 0 to 1 V. As 
demonstrated in these figures, the CV curves lose their rectangular shape as the scan rate 
is increased due to more rapid ion transport. This means that these carbon materials are 
capable of rapid charge and discharge.64 
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Figure 4.6. CV curves of RP-20 (top - 95 wt%, bottom - 90 wt%) at different scan rates. 
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Figure 4.7. CV curves of YP-50F (top - 95 wt%, bottom - 90 wt%) at different scan rates. 
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Figure 4.8. CV curves of  Ketjenblack EC-600 JD (top - 95 wt%, bottom - 90 wt%) at different scan rates. 
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4.4.3 Galvanostatic Charge and Discharge 
Charge and discharge of the AC capacitor cells were performed in the potential range 
between 0 and 1 V. The charge and discharge curves for all of the AC capacitor cells 
suggest a pure EDLC behavior. These results agree with those observed from the CV. An 
example of the charge and discharge behavior is shown in Figure 4.9. All the AC 
electrodes were also cycled at different current densities (5, 10, 20, and 50 mA/cm2) to 
determine the corresponding specific capacitance of a single electrode (Appendix C1). 
Figure 4.10 shows the specific capacitance of a single electrode at various discharge 
current densities. As indicated in Figure 4.10, 95 wt% RP-20 gave the highest specific 
capacitance (106 F/g) followed by 95 wt% YP-50F (98 F/g) at low current density. This 
is because RP-20 and YP-50F electrodes have high specific surface area, a microporous 
structure, and a limited amount of PTFE binder (5 wt%). However, the efficiency of the 
RP-20 electrodes (both 90 and 95 wt%) is lower (about 90%) compared to the others 
(above 98%). Ketjenblack electrodes had a modest change in specific capacitance with 
the change in current density. This is because they are mostly mesoporous, which makes 
them favorable for quick electrolyte ion diffusion.64 In general, the electrochemical 
performance of these three ACs is in agreement with the results predicted by the XRD 
powder areas. 
Each of the symmetric capacitors was cycled over 300 cycles to examine their stability. 
They were charged and discharged between 0 and 1 V at a current density of 20 mA/cm2. 
The variation of the specific capacitance with cycle number is shown in Figure 4.11. 
Overall, the specific capacitance was maintained over the 300 cycles.  
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Figure 4.9. Charge and discharge curves of 95 wt% Ketjenblack EC-600JD symmetric capacitor. 
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Figure 4.10. Specific capacitances of a single electrode at various discharge current densities.  
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Figure 4.11. Specific capacitance of a single electrode as a function of cycle number for various AC 
symmetric capacitors cycled at 20 mA/cm2.  
 
4.5 Conclusions 
RP-20, YP-50F and Ketjenblack EC-600JD were examined without further treatment for 
their suitability to serve as electrodes in symmetric capacitors. Their morphology and 
electrochemical performance were studied in symmetric aqueous capacitors. BET 
isotherms indicated the surface areas of the ACs were above 1300 m2/g. Surface area is 
one of the primary requirements for an AC to serve as an electrode in symmetric 
capacitors. Among the three ACs, the pore volume of Ketjenblack EC-600JD is much 
higher relative to RP-20 and YP-50F because of its mostly mesoporous structure. Each of 
the AC electrodes was also cycled at different current densities to determine the 
corresponding specific capacitance of a single electrode. At low current density, RP-20 
gave the highest specific capacitance, followed by YP-50F as a result of the microporous 
structure, and as predicted by the powder XRD measurements. However, the lower 
efficiency for RP-20 makes YP-50F more attractive. At high current density, Ketjenblack 
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EC600-JD is more favorable. This is because the mesoporous structure of Ketjenblack 
EC600-JD gave rapid diffusion of electrolyte ions to the electrode surface. All three ACs 
can serve as electrodes in ECs, with the choice depending on the energy (low current 
density) or power (high current density) needs. 
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5.1 Abstract 
An asymmetric capacitor consisting of a nickel-carbon foam (i.e., a foam impregnated 
with nickel hydroxide) positive electrode and an AC negative electrode with different 
mass ratios of negative (-ve) to positive (+ve) active masses were fabricated to access 
conditions for optimum performance. The surface morphology and chemical structure of 
the positive electrode were studied through FE-SEM and XRD.  The FE-SEM images 
showed that the carbon foam was loaded with uniform Ni(OH)2. The XRD results 
indicated that the positive electrode is a typical α-Ni(OH)2. Among the different mass 
ratios tested, the asymmetric capacitor with mass ratio of 3.71 gave the highest specific 
energy and specific power, 24.5 W.h/kg and 498 W/kg, respectively. In addition, the 
asymmetric capacitor exhibited stable cycle life when operated at 10 mA/cm2 and 
between 1.4 and 0.4 V. 
5.2 Introduction 
ECs have drawn attention in recent years for use in various power and energy 
applications, such as hybrid vehicles, portable audio equipment, and memory back-up 
devices. The trend in ECs is toward a combination of a double layer electrode with a 
battery-type electrode.1-4 Theses types of ECs are called asymmetric capacitors. The 
double layer electrode is usually AC since it has high surface area, good conductivity, 
and a relatively low cost.28,29 Typical battery-type electrodes can be PbO2/PbSO4, 
Ni(OH)2/NiOOH or LiMOx (where M is a transition metal species). The most commonly 
studied battery-type electrode is Ni(OH)2.55,57,65,66  
Our previous study showed that a relatively high value of specific capacitance was 
obtained on a nickel-carbon foam electrode, where nickel hydroxide was impregnated on 
a carbon foam using electrochemical deposition (refer to Chapter 3). Carbon foam was 
used as a current collector for the active mass because of its electrical conductivity, pore 
size, and pore connectivity.  The objective was to reduce the cost and weight of the ECs 
while maintaining or increasing its capacitance and gravimetric energy storage density. In 
this work, asymmetric capacitors consisting of a nickel-carbon foam electrode as the 
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battery-type electrode and AC as the double layer electrode were assembled with 
different mass ratios of negative to positive active mass in order to study the 
electrochemical performance.  
5.3 Experimental Setup 
5.3.1 Preparation of Nickel-Carbon Foam Positive Electrode 
The preparation method is listed in Section 3.3.1 of Chapter 3. Since the amount of active 
material loaded into the carbon foam varied according to the desired mass ratio, the 
forming process varied accordingly. Six positive electrode loadings (full and partial 
deposition) have been prepared. 
5.3.2 Preparation of Negative Electrode 
The preparation method is listed in Section 4.3.1 of Chapter 4. The YP-50F carbon is 
used in this chapter to make the negative electrode. The composition of the electrode is 
95 wt% YP-50F and 5 wt% PTFE binder. 
5.3.3 Materials Characterization 
The materials characterization on the positive electrode was the same procedure 
described in Section 3.3.2 of Chapter 3. Two samples (full and partial deposition) were 
prepared for the FE-SEM analysis and only the full deposition was analyzed using the 
powder XRD diffractometer. 
5.3.4 Preparation of Asymmetric Capacitor 
The preparation method is listed in Section 3.3.3.2 of Chapter 3. Two types of EC, for a 
total of seven cells (1 symmetric and 6 asymmetric), were fabricated. The first type of 
ECs (symmetric) was the EDLC, in which the positive and negative electrodes were the 
type of electrode described in Section 5.3.2. The second type of ECs was the asymmetric 
capacitor, in which the positive electrode is the electrode described in Section 5.3.1 and 
the negative electrode is the electrode described in Section 5.3.2. Six cells with active 
material mass ratios, defined as negative to positive active mass, from 0.80 to 9.98 were 
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fabricated. The assembled cells, active material mass ratios were controlled by adjusting 
the amount of Ni(OH)2 impregnated on the carbon foam current collector.  
5.4 Results and Discussion 
5.4.1 Materials Characteristics 
The surface and cross-section morphology of the carbon foam positive electrode, fully 
and partially loaded with Ni(OH)2, were investigated by FE-SEM. Figure 5.1 shows the 
FE-SEM images of the surface morphology of the fully and partially deposited carbon 
foam positive electrode. The fully loaded electrode has a more uniform structure 
compared to the partially loaded electrode. Figure 5.2 shows the cross-section 
morphology to examine the extent of deposition in the inner pores of the carbon foam. 
The carbon foam with partial deposition was not completely covered with Ni(OH)2 as 
compared to the carbon foam with full deposition. It is also illustrated in the FE-SEM 
images that a thinner layer of Ni(OH)2 was formed in the carbon foam with partial 
deposition. 
  
Figure 5.1. FE-SEM images of surface morphology of carbon foam impregnated with Ni(OH)2 taken at 
100x magnification. The left photo was of the carbon foam with full deposition and the right photo was of 
the carbon foam with partial deposition (deposition time: 51 and 25 minutes, respectively). 
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Figure 5.2. FE-SEM images of cross-section morphology of carbon foam (near the edge) impregnated with 
Ni(OH)2 at 100x magnification. The left photo was of the carbon foam with full deposition and the right 
photo was of the carbon foam with partial deposition. 
The analysis of the XRD powder patterns of the positive electrode can be found in 
Section 3.4.2 of Chapter 3 and Appendix B2. 
5.4.2 Electrochemical Characteristics 
All seven cells were evaluated through galvanostatic charge and discharge processes. The 
purpose of the EDLC tests was for comparison. Asymmetric capacitors were tested 
between 0.4 V and 1.4 V, and the EDLC was tested between 0 V to 1 V. These cells were 
cycled at different current densities (5, 10, 20, and 50 mA/cm2) to determine the 
corresponding specific cell capacitance.  Figure 5.3 shows the specific capacitance as a 
function of current density for the seven cells. The specific capacitances of EDLC at 5, 
10, 20, and 50  mA/cm2 were 24, 19, 15, and 12 F/g, respectively. The minimum specific 
capacitances of the asymmetric capacitors at 5, 10, 20, and 50 mA/cm2 were 64, 58, 48, 
and 34 F/g, respectively. The results indicated that the specific capacitance of the 
asymmetric capacitors is much higher compared to EDLC. Figure 5.4 shows the 
relationship between the specific energy and the mass ratio. The specific energy was 
calculated using equation 5.1, where C is the cell capacitance and V2 and V1 are the first 
and last voltages in the discharge process. Among the asymmetric capacitors tested, the 
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cell with the mass ratio of 3.71 gave the highest specific energy. This demonstrates that 
an asymmetric capacitor with a nickel-carbon foam positive electrode has a large specific 
energy and hence could be used in EC applications. 
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Figure 5.3. Specific capacitance as a function of discharge current density for an EDLC and six asymmetric 
capacitors with different mass ratios.  
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Figure 5.4. Specific energy as a function of mass ratio cycling at a current density of 10 mA/cm2. 
A Ragone plot (Figure 5.5) relates the specific power to specific energy of the 
asymmetric capacitor at varying mass ratios. The specific power was calculated by 
dividing the specific energy by the discharge time. As seen in Figure 5.5, all the 
asymmetric capacitors followed the same general trend of a dramatic reduction in specific 
energy as specific power increased. The maximum specific energy of 24.5 W.h/kg and 
maximum specific power of 498 W/kg are achieved by the asymmetric capacitor with a 
mass ratio of 3.71. 
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Figure 5.5. Ragone plot of asymmetric capacitors with various mass ratios at different current densities. 
Among the seven cells, an asymmetric capacitor with a mass ratio of 0.80 was used to 
study stability of performance because it was the first assembled cell. It was observed 
through repeated charge and discharge processes for 10,000 cycles. The cell cycled at a 
current density of 10 mA/cm2 and between 1.4 and 0.4 V. Figure 5.6 shows the specific 
capacitance and efficiency of the cell over 10,000 cycles. Efficiency is defined as the 
discharge capacitance over the charge capacitance. The cell maintained above 99% 
efficiency over the 10,000 cycles. At about cycle 8,900 as indicated in Figure 5.6, there 
was a sudden drop in the specific capacitance. A possible explanation is the change in the 
temperature in the laboratory, which increased and stayed between 90 and 100oF for 
about 6 days. After this period (at about cycle number 9,300), the cell’s performance 
became stable again. The stability test demonstrated about a 33% decrease in the specific 
capacitance after 10,000 cycles compared to its initial value, probably due to 
deteriorating performance of the faradaic electrode (nickel-carbon foam electrode) and 
environmental changes in the laboratory. 
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Figure 5.6. Specific capacitance and efficiency as a function of cycle number of an asymmetric capacitor 
with a mass ratio of 0.80 cycled at 10 mA/cm2. 
An asymmetric capacitor with a mass ratio of 3.71 was also analyzed through CV 
measurements. The CV of this asymmetric capacitor at different scan rates is presented in 
Figure 5.7. The CV behavior is similar to that seen in Figure 3.14. The CV curves have a 
smaller area (related to capacitance) at a high scan rate (i.e., 25 mV/s) versus a low scan 
rate (i.e., 5 mV/s). The reason for a larger area at a low scan rate is that the electrolyte 
ions can transport into the pores of the active materials more effectively. 
5.5 Conclusions 
Asymmetric capacitors with different mass ratios were fabricated to determine the 
optimum performance. FE-SEM and XRD were used to study the surface morphology 
and chemical structures of the positive electrodes. FE-SEM shows the fully-loaded 
electrode has a more uniform structure compared to the partially-loaded electrode. The 
XRD results indicated that the positive electrode is a typical α-Ni(OH)2. All the 
asymmetric capacitors demonstrated good electrochemical performance, especially 
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asymmetric capacitor with mass ratio of 3.71. The specific energy and specific power 
achieved by this EC were 24.5 W.h/kg and 498 W/kg, respectively. 
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Figure 5.7. CV of an asymmetric capacitor with a mass ratio of 3.71.  
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6.0 Comparison of Asymmetric Capacitors with  
Various Carbon Materials as the Negative 
Electrodes 
6.1 Objective 
The main purpose of this chapter is to determine the effect of changing the negative 
electrode material (AC) on the performance of an asymmetric capacitor. As stated in 
chapter 4, Ketjenblack EC-600JD is a candidate AC to serve as the negative electrode in 
the asymmetric capacitor based on its morphology and electrochemical performance. 
Therefore, asymmetric capacitors with Ketjenblack EC-600JD as the negative electrode 
were evaluated for electrochemical performance and compared to asymmetric capacitors 
with YP-50F as the negative electrode. 
6.2 Experimental Setup 
The experimental setup was the same as described in Section 5.3 of Chapter 5. The only 
difference is the negative electrode, which is made of 95 wt% Ketjenblack EC-600JD and 
a 5 wt% PTFE binder.  
6.3 Results and Discussion 
Three asymmetric capacitors and an EDLC were assembled and evaluated using 
galvanostatic charge and discharge processes. The initial active material mass ratios for 
three asymmetric capacitors were 0.39, 4.66, and 6.50. Due to a technical fault during the 
deposition for the third cell, the mass ratio became 12.87. The purpose of the EDLC was 
for comparison. Asymmetric capacitors were tested between 0.4 V and 1.4 V, and the 
EDLC was tested between 0 V to 1 V. These cells were cycled at different current 
densities (5, 10, 20, and 50 mA/cm2) to determine the corresponding specific cell 
capacitance. Figure 6.1 shows the specific capacitance as a function of current density for 
the four cells. As demonstrated in Figure 6.1, these cells had a similar performance trend 
as seen in Figure 5.3, but with lower specific capacitances. This result was expected since 
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the specific capacitance of a Ketjenblack EC-600JD electrode is lower compared to that 
of a YP-50F electrode, namely 87 versus 98 F/g at 5 mA/cm2 (refer to Figure 4.10). 
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Figure 6.1. Specific capacitance as a function of discharge current density for an EDLC and asymmetric 
capacitors with different mass ratios.  
 
6.4 Conclusions 
From the cell experiments, regardless of which material is used for the negative electrode, 
a similar trend in the electrochemical performance is observed when changing the active 
material mass ratio. Experiments also verify that the specific capacitance of asymmetric 
capacitors is limited by the negative electrode. It is recommended to use the methodology 
in Chapter 5 to determine the optimum mass ratio when Ketjenblack EC-600JD serves as 
the negative electrode. It is also recommend replicating the cell with a mass ratio of 12.87 
to verify the data presented in Figure 6.1. 
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7.0 Pouch Cell Design and Testing 
7.1 Objectives 
Constructing an operational pouch cell was essential for demonstrating cell durability. It 
is also for establishing potential commercial applications.   
7.2 Experimental Setup 
The pouch cell was constructed using a fabrication method similar to that used for a PFA 
cell. Initially, a symmetric cell was assembled with the intention of later constructing an 
asymmetric cell. The electrodes used within the symmetric pouch cell were composed of 
95 wt% Ketjenblack EC-600JD and 5 wt% PTFE binder.  Molded into a coin shape, each 
electrode had a diameter of approximately 1.90 cm (3/4 in) and a thickness of 0.6 mm. 
The electrodes were stacked and separated by two layers of separator.  Both the 
electrodes and the separators were soaked in KOH prior to the assembly of the pouch cell.  
A nickel-mesh current collector was placed on the back of each electrode.  Additionally, 
nickel foil was connected to each current collector to act as terminals.  The electrodes, 
separators, current collectors, and foil were then aligned and this stack was placed into a 
vacuum pouch.  
The vacuum pouch used in this research was a 4” x 6” 3 mil poly-nylon vacuum pouch, 
which is a three-layer blend of nylon, polyethylene, and linear low density resins 
(manufacturer by Elkay Plastics, product code: 30NV0406) . The function of the nylon 
(outer layer) is to make the pouch rigid and the polyethylene (inner layer) provides 
resistance to the KOH and the ability to hold a vacuum. Proper sealing is important to 
ensure low internal resistance of the cell. Therefore, the vacuum pouch was cut in half, 
and square pieces cut from the top were placed over the nickel foil to provide a surface 
that could be heat-sealed by the Minipack Cyclone 30 vacuum sealer. The bottom half of 
the bag was used to hold the electrode stack. To further ensure that the elements in the 
electrode stack were held in contact with each other, the pouch cell was placed between 
two PTFE plates. Figure 7.1 shows the actual cell. 
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Figure 7.1. Symmetric pouch cell based on Ketjenblack EC-600JD electrodes. Left photo is the completed 
cell and right photo is the completed cell compressed between two PTFE plates. 
7.3 Results and Discussion 
Galvanostatic charge and discharge measurements have been used to evaluate the 
performance of the symmetric pouch cell. Figure 7.2 shows the charge and discharge 
behaviors of the symmetric pouch cell. It can be noticed from the figure that the voltage 
profile varies linearly with time, which demonstrates a pure electric double layer 
capacitor. In addition, there is no significant internal resistance observed. Figure 7.3 
shows the specific capacitance of a single electrode versus cycle number at 5 mA/cm2. 
The results indicated that the performance of the cell was maintained for about 1000 
cycles and began to decrease after that. The specific capacitance of a single electrode at 
5  mA/cm2 obtained from the pouch cell was 86 F/g, which is the same obtained from the 
PFA cell  in Chapter 4 (87 F/g).  
7.4 Conclusions 
The next step is to find a better way to maintain the vacuum within the cell in order to 
prolong the cycle life. The cell had 3 parallel, independent heat seals by the Minipack 
Cyclone 30 vacuum sealer, but pressure built up inside the cell over time, either from air 
leakage or electrode off gassing. A better vacuum sealer might be needed to solve the 
problem. After solving the sealing problem, an asymmetric cell with the optimum mass 
ratio should be constructed and evaluated for electrochemical performance. The results 
obtained should then be compared with the earlier results obtained from the PFA cell in 
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Chapter 5.  A pouch cell with at least 50,000 cycles and an efficiency of more than 95% 
is needed to prove the durability of the nickel-carbon foam asymmetric capacitor. 
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Figure 7.2. Charge and discharge behavior of the 95 wt% Ketjenblack EC-600JD symmetric capacitor 
(pouch cell) at 5 mA/cm2.  
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Figure 7.3. Specific capacitance of single electrode versus cycle number. The pouch cell was cycled at 
5 mA/cm2.
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8.0 Conclusions and Future Work 
8.1 Conclusions 
ECs have gained popularity in the market in recent years due to the trend for high power 
and long cycle life energy storage devices. Asymmetric capacitors are of particular 
interest because they have higher specific power compared to batteries and higher 
specific energy compared to conventional capacitors. During this research, asymmetric 
capacitors using a nickel-carbon foam positive electrode and an AC electrode were 
fabricated and tested. The morphology of these electrodes was studied through FE-SEM, 
BET, porosity measurements, and powder XRD. Below summarizes how the findings of 
this research to satisfy the objectives stated in chapter 1: 
(iv) To determine the specific capacitance and the material characteristics of the 
nickel-carbon foam electrode. 
a. Specific capacitance of the nickel-carbon foam electrode at 5 mA/cm2 was 
2641 F/g, which is higher than the reported value (2080 F/g) of a 7.5% 
Al-substituted α-Ni(OH)
2 
electrode. 
b. FE-SEM indicated uniform particle shape and a loose packed structure, 
allowing the electrolyte ions to access the Ni(OH)2. 
c. The XRD powder pattern of the nickel-carbon foam electrode is a α-Ni(OH)
2 
with dimensions of a = 3.091 Å and c = 24.184 Å for a hexagonal cell. 
(v) To examine different carbon-based materials to serve as the negative electrode 
in an asymmetric capacitor through the study of an EDLC and variation of the 
carbon-based material morphology. 
 RP-20, YP-50F, and Ketjenblack EC-600JD were tested in a symmetric cell 
configuration to determine their suitability to serve as the negative electrode 
in the asymmetric configuration. YP-50F was chosen because of its overall 
performance. 
 The three ACs have high surface areas, mesopores, and micropores. The 
majority of pores for RP-20 and YP-50F are micropores, whereas Ketjenblack 
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EC-600JD has mostly mesopores as indicated by N2 adsorption/desorption. 
The surface area and pore structure are important factors that affect the 
performance of the AC capacitors. 
 The XRD powder patterns of the three ACs imply that these ACs are 
amorphous carbons, with Ketjenblack EC-600JD having somewhat more 
graphitic order than the others. 
 The XRD analyses of the ACs agree with the trend in electrochemical 
performance: RP-20 has the highest specific capacitance, followed by YP-50F 
and Ketjenblack EC-600JD. 
(vi) To determine the optimum mass ratio for maximum specific energy through the 
study of electrochemical performance of asymmetric capacitors assembled with 
different mass ratios.  
a. The specific cell capacitance of an asymmetric capacitor is limited by the 
specific capacitance of the negative electrode. 
b. An optimum specific energy of 24.5W.h/kg and specific power of 498 W/kg 
were obtained through cell tests at a mass ratio of 3.71. 
8.2 Future Work 
This research has demonstrated that a nickel-carbon foam electrode is capable of serving 
as the positive electrode in an asymmetric capacitor. Further testing and improvements 
are needed to achieve higher specific capacitance and hence, higher specific energy and 
specific power. These improvements fall into three categories: 
(i) Negative electrode 
 Apply chemical treatment to activate the ACs to increase the surface area 
and/or pore volume to further improve the specific capacitance of the cell. 
 Include graphite powders in the negative electrode formulation to further 
improve the conductivity of the electrode, and evaluate whether the new 
formulation improves the electrochemical performance of symmetric and 
asymmetric cells. 
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 Alter the method of making the negative electrodes, such as using a film 
applicator or a paint brush to better control the uniformity of the thin film 
electrode. A consistent quality of electrode is needed, especially for large 
batch production.  
(ii)  Cell design 
 Determine the cycle life of an asymmetric capacitor with the optimum mass 
ratio of 3.71. 
 Reduce the thickness of POCOfoam® so that full Ni(OH)2 deposition can be 
performed in high mass ratio cells in order to minimize the change in the 
specific cell capacitance over extended cycling. 
 Build a prototype cell (pouch cell) based on the conclusions drawn from the 
PFA cell tests to confirm the performance of the asymmetric capacitor with 
nickel-carbon foam electrodes that are commercially feasible. 
 Assemble several cells in series to increase the operational voltage to 3 V and 
hence, increase the stored energy. 
(iii) Current collector choice 
 Replace POCOfoam® with KFOAMTM (L1250) from Koppers Inc. as the 
current collector of the positive electrode and evaluate the electrode’s 
electrochemical performance as well as its morphology. KFOAMTM has better 
mechanical strength when machined to thin electrodes (less than 1 mm). 
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Appendix A Experimental Setup and Procedures 
Appendix A1 Experimental Apparatus 
The major experimental apparatus used in the researh are: 
(a) Arbin 8 channel MSTAT electrochemical testing system: to perform deposition 
on the positive electrodes, CV, and galvanostatic charge and discharge 
measurements. 
(b) Temperature bath: to maintain the temperature during the deposition. 
(c) Miromeritics ASAP 2020 Accelerated Surface Area and Porosimetry Analyzer: to 
measure the surface area and pore size of the electrodes. 
(d) Hitachi S-4700 FE-SEM: to study the morphology carbon foam (as-received) and 
nickel-carbon foam positive electrodes. 
(e) Scintag XDS2000 Powder Diffractometer: to observe any changes in the structure 
of the nickel hydroxide active mass after deposition and after charge and 
discharge; and the XRD patterns for the ACs. 
Appendix A2 Experimental Procedures 
Deposition solution preparation 
(a) Measure the amount of Ni(NO3)2 and Co(NO3)2. For 1L of 1.8 M Ni(NO3)2 and 
0.26 M Co(NO3)2 solution, measure 523.46 g and 74.78 g of Ni(NO3)2 and 
Co(NO3)2 respectively, to produce a mole ratio of  Co/Ni = 0.143.  
(b) Measure 475 mL of 95 % EtOH and mix with 525 mL of deionized water, for 45 
vol% EtOH solution. 
(c) Place the chemicals from (a) into a volumetric flask and add the solution from (b) 
to the mark on the volumetric flask. 
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Electrolyte solution preparation (26 wt% KOH) 
(a) Measure 305 g of KOH pellets (85 % ACS Reagent) and keep in a closed 
container. 
(b) Measure 695 g of deionized water and heat it on a hot plate to remove any O2. 
(c) Slowly add the KOH pellets into the warm water. 
Positive electrode preparation and handling 
(a) Cut the carbon foam using the low speed saw to a dimension of 25 x 25 x 1.5 mm 
and use a cutter to punch the carbon foam into a circular shape (d = ¾ in). 
(b) Wash the carbon foam with 50/50 EtOH/deionized water in a sonicator for 30 
minutes and dry under vacuum for an hour. 
Deposition on the carbon foam electrode 
(a) Carefully attach the working (carbon foam) and the counter (nickel plates) 
electrodes in a (Nalgene®) 250 ml translucent polypropylene jar that contains the 
deposition solution. 
(b) Heat the cell assembly in a constant temperature bath up to 70 oC. 
(c) Begin the pre-deposition step by connecting the Green and Red electrode leads to 
the working electrode (carbon foam) and White and Black electrode leads to the 
counter electrode (nickel plate). 
(d) Operate the MSTAT using MIST Pro software. All depositions are done at a 
constant current. The current applied for each deposition is based on the current 
density used, multiplied by the projected area of one side of the working electrode. 
(e) Perform the deposition step after the pre-deposition step is completed. Connect 
the Green and Red electrode leads to the counter electrode (nickel plate) and 
White and Black electrode leads to the working electrode (carbon foam). 
(f) Operate the MSTAT using MIST Pro software as before. 
(g) After the deposition is complete, remove the cell from the bath and wash the 
electrodes with deionized water to remove the access deposition solution. 
(h) Dispose the deposition solution in the chemical disposal canister and write an 
entry in the waste chemical logbook. 
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Formation of the nickel-carbon foam electrode 
(a) Clean the counter electrode (nickel plate) from the deposition process with 
deionized water or with dilute nitric acid. 
(b) Clean the working electrode (nickel-carbon foam electrode) with deionized water 
to remove any nickel (II) nitrate solution on the surface. 
(c) Place the electrodes in a (Nalgene®) 250 ml translucent polypropylene jar that 
contains the electrolyte solution. Insert the Hg/HgO reference electrode as well. 
The cell is called the flooded cell. 
(d) Connect to the MSTAT by connecting the Red and White electrode lead to the 
working electrode (carbon foam), the Black electrode lead to the counter electrode 
(nickel plate), and the Green electrode lead to the reference electrode.  
(e) Operate the MSTAT using the MIST Pro software.  
Negative electrode preparation 
(a) Measure the carbon black powder and PTFE according to the formulation. 
(b) Mix and grind together in a mortar for about an hour or until the PTFE is well 
dispersed in the carbon black powder.  
(c) Heat the mixture at 120 oC in an oven for an hour, followed by 20 minutes of 
grinding in the mortar.  
(d) Repeat step (c) twice.  
(e) Press the mixture using a rod to form dough with the help of isopropyl alcohol.  
(f) Roll the dough to the desired thickness (0.6 mm) and air dry for a few hours to 
evaporate the isopropyl alcohol.  
(g) Punch out the electrode in a coin shape with a diameter of ¾ inch and heat at 
80 oC in an oven for an hour. 
(h) Soak the electrodes in electrolyte (KOH) to allow electrolyte uptake within the 
pores of the electrode network. 
Assemble the sealed cell 
(a) Place a layer of nickel mesh on one plunger, then the nickel-carbon foam 
electrode.  
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(b) Place two layers of pre-soaked separators on top of the nickel-carbon foam 
electrode followed by the negative electrode, and a plunger.    
(c) Connect to the MSTAT by connecting the Red and White electrode leads to the 
positive electrode, and the Black and Green electrode leads to the negative 
electrode. 
(d) Operate the MSTAT using the MIST Pro software.  
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Appendix B Electrode Morphology and Chemical  
Structure 
Appendix B1 Experimental Apparatus 
 
 
Figure B.1. FE-SEM images of surface morphology of carbon foam at 50x (upper photo) and 100x (lower 
photo) magnifications. 
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Figure B.2. FE-SEM images of cross-section morphology of carbon foam at 50x (upper photo) and 100x 
(lower photo) magnifications. 
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Figure B.3. FE-SEM images of surface morphology of carbon foam impregnated with Ni(OH)2 (full 
deposition) taken at 400x (upper photo) and 3,000x (lower photo)  magnifications. 
 
 
 
85 
 
 
 
Figure B.4. FE-SEM images of the Ni(OH)2 (full deposition) at 3,000x (upper photo) and 30,000x (lower 
photo) magnifications. 
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Figure B.5. FE-SEM images of cross-section morphology of carbon foam impregnated with Ni(OH)2 (full 
deposition)  taken at 50x magnifications. The upper photo was taken near the edge of the foam and the 
bottom photo was taken near the center of the foam. 
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Figure B.6. FE-SEM images of surface morphology of carbon foam, both partial deposition, taken at 400x 
magnification. 
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Figure B.7. FE-SEM images of cross-section morphology of carbon foam with partial deposition taken at 
50x magnifications. The upper photo was taken near the edge of the foam and the bottom photo was taken 
near the center of the foam. 
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Appendix B2 XRD Powder Patterns 
Information on space group, atomic coordinates, and set parameters to calculate the XRD 
patterns. 
(a) Carbon foam (POCOfoam®) 
Space Group: P63/mmc (No. 194)  System: Hexagonal 
a = 2.461 Å    c = 6.705 Å 
Atomic coordinates: C1 = (0, 0, 0.25), C2 = (1/3, 2/3, 0.25) 
Step size: 0.03o  
FWHM = 0.3 at 26.5o 2-theta, 0.6 at 44.0o 2-Theta  
Population parameter = B(iso) = 1 for all atoms 
(b) α-Ni(OH)2 
Space Group: R 3m
− (No. 166)  System: Rhombohedral 
a = 8.256 Å     
α = 21.574o    
Atomic coordinates: Ni = (0, 0, 0), O1 = (0.377, 0.377, 0.377), O2 = (1/2, 1/2, 1/2) 
Step size: 0.03o  
FWHM = 3 at 11.0o 2-theta, 6 at 22.0o 2-Theta 
      Population parameter*: Ni = 1, O1 = 1, O2 = 0.667 
      B(iso)*: Ni = 0.714, O1 = 0.763, O2 = 0.763 
 
 
 
 
 
 
 
 
 
*Karjala PJ. Structural Studies of Nickel Electrode Model Compounds [M.S Thesis]. Houghton: Michigan 
Technological University; 1987. 
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Figure B.8. Comparison of experimental and calculated XRD patterns of POCOfoam®. 
 
 
Table B.1. 
Comparison of experimental and calculated hkl and relative intensity of POCOfoam®. 
2-Theta d I(rel) 2-Theta d I(rel)
0 0 2 26.64 3.34 100.00 26.57 3.35 100.00
1 0 0 42.45 2.13 4.06 42.37 2.13 4.13
1 0 1 44.54 2.03 6.17 44.57 2.03 13.56
1 0 2 50.68 1.80 1.81 50.72 1.80 4.13
0 0 4 54.73 1.68 4.11 54.71 1.68 5.35
1 0 3 59.87 1.54 1.79 59.92 1.54 3.28
1 1 0 77.55 1.23 3.80 77.51 1.23 3.46
Calculated Experimental h k l
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Figure B.9. Comparison of experimental and calculated XRD patterns of α-Ni(OH)2. The diffraction peak 
indexed at (002) of the experimental pattern belongs to the carbon foam. 
 
Table B.2. 
Comparison of experimental and calculated hkl and relative intensity of α-Ni(OH)2. 
2-Theta d I(rel) 2-Theta d I(rel)
0 0 3 10.97 8.06 100.00 10.97 8.06 100.00
0 0 6 22.03 4.01 47.50 22.04 4.03 18.05
0 1 2 34.10 2.63 56.25 34.29 2.61 17.70
1 1 0 59.80 1.55 41.25 59.80 1.55 5.04
1 1 3 61.12 1.52 30.42 61.01 1.52 5.47
Experimental Calculated h k l
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Figure B.10. Comparison of XRD patterns of carbon foam and nickel-carbon foam electrode. 
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Figure B.11. Comparison of XRD patterns of YP-50F, RP-20, and Ketjenblack EC-600JD, straight lines 
show how background being substracted. 
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Appendix B3 BET and Porosimetry 
Experiment Conditions: 
The N2 adsorption/desorption data were collected in the relative pressure range (P/P0) of 
0.01< P/P0<1, where P0 is the vapor pressure of the adsorbing gas (N2) at the testing 
temperature of 77.35 K. Specific surface areas were calculated from N2 adsorption data in 
the P/P0 range between 0.1 and 0.3 via BET method. The micropores areas were 
estimated by t-plot method. This method modeled the multi-layer adsorption 
mathematically. The thickness, t, of an adsorbate layer increases with increasing P/P0. 
The volume adsorbed is plotted versus the statistical thickness based on STSA thickness 
curve for carbon black materials suggested in the ASTM standard D-6556-01 for each 
P/P0 from 0 to 0.75. Data were also collected to analyze the pore size distribution by BJH 
method with Faas correction. BJH method is a modification of Kelvin equation. Kelvin 
equation determined the pore size based on adsorption porosimetry. All the data were 
analyzed via ASAP 2020 by Micromeritics. 
 
Table B.3.  
Summary table of pore characteristics of ACs on all trials.   
Acs
BET 
(m2/g)
Micropore 
Area (m2/g)
Mesopore 
Area 
(m2/g)
Single 
Point 
Pore 
Volume 
10-6 m3/g
BJH 
Adsorption 
Average 
Pore 
Diameter 
(nm)
BJH 
Desorption 
Average 
Pore 
Diameter 
(nm)
RP-20 1520 N/A N/A 0.76 3.32 N/A
1333 1139 194 0.69 3.76 3.46
1240 1041 199 0.67 2.95 13.2
YP-50F (YP-17) 1331 N/A N/A 0.69 3.80 N/A
1314 1085 229 0.68 3.82 3.48
Ketjenblack EC-600JD 1184 N/A N/A 2.08 7.76 N/A
1192 N/A N/A 2.06 7.60 N/A
1422 44 1378 2.42 8.74 7.69  
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Figure B.12. N2 adsorption/desorption isotherms of electrodes. 
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Table B.4.  
Summary table of pore characteristics of electrodes on all trials. 
Electrodes
BET 
(m2/g)
Micropore 
Area (m2/g)
Mesopore 
Area 
(m2/g)
Single 
Point 
Pore 
Volume 
10-6 m3/g
BJH 
Adsorption 
Average 
Pore 
Diameter 
(nm)
BJH 
Desorption 
Average 
Pore 
Diameter 
(nm)
Commercial Electrode * 1132 N/A N/A N/A N/A N/A
1201 N/A N/A 0.58 3.55 N/A
1043 802 241 0.61 4.12 4.09
1049 792 257 0.60 3.96 3.73
95 wt% RP-20 1091 899 192 0.58 2.91 61.48
1093 892 201 0.61 3.91 3.75
1086 850 236 0.60 3.58 4.01
95 wt% YP-50F 1036 885 151 0.56 3.61 3.19
1096 862 234 0.63 3.98 3.51
95 wt% Ketjenblack EC-600JD 797 25 772 1.59 9.95 8.72
1029 30 999 1.99 9.71 8.52
1153 49 1104 2.19 9.75 8.49
90 wt% RP-20 1028 819 209 0.56 3.36 15.97
933 711 222 0.52 3.66 3.70
880 685 195 0.48 4.02 4.54
90 wt% YP-50F 910 741 169 0.51 3.91 3.52
932 718 214 0.54 4.07 3.67
90 wt% Ketjenblack EC-600JD 591 5 586 1.21 9.44 8.20
967 10 957 1.92 9.26 8.15
874 16 858 1.77 9.57 8.35
* Electrodes donated by JME Capacitor Inc.  
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Appendix C Electrochemical Performance of  
Electrochemical Capacitors 
Appendix C1 Symmetric Capacitors 
The explanation for why the specific capacitance of a single electrode is 4 times that of 
the specific cell capacitance for a symmetric capacitor. 
+
−+
=
+=
CC
CCC
cell
cell
2
1
111
 where C+ = C-       
(C.1) 
Let 
m
CC =   where m = mass of single electrode 
cellcell CmC 2=∴  and ++ = CmC  
Substituting the two above equations into equation C.1, gives 
+
+
=
=
CC
CmCm
cell
cell
4
1
2
12
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Table C.1.   
Summary of all symmetric capacitors. 
Electrode
Current 
Desity 
(mA/cm2)
Specifc Cell 
Capacitance 
(F/g)
Average Specific 
Capacitance of 
Single Electrode 
(F/g)
Efficiency
Commercial Electrode* 5 52.50 209.98 98.0%
10 46.86 187.44 97.4%
20 41.13 164.53 98.1%
50 27.70 110.78 99.8%
95 wt% RP-20, Batch 1 5 22.80 91.22 95.9%
10 17.29 69.15 98.4%
20 10.89 43.54 97.6%
50 7.30 29.20 95.6%
95 wt% RP-20, Batch 2 5 26.40 105.58 84.9%
10 21.98 87.92 91.8%
20 17.52 70.08 95.7%
50 10.60 42.40 91.6%
95 wt% YP-50F 5 24.39 97.55 99.0%
10 19.33 77.34 99.3%
20 15.19 60.76 99.9%
50 11.77 47.07 100.0%
95 wt% Ketjenblack EC-600JD 5 21.68 86.73 98.6%
10 21.20 84.78 99.5%
20 20.63 82.50 99.9%
50 19.97 79.88 99.8%
90 wt% RP-20 5 21.73 86.91 94.3%
10 16.74 66.98 97.6%
20 11.62 46.50 98.2%
50 6.66 26.64 87.4%
90 wt% YP-50F 5 20.85 83.39 97.2%
10 17.37 69.49 99.0%
20 12.50 49.99 99.7%
50 6.60 26.39 97.5%
90 wt% Ketjenblack EC-600JD 5 17.39 69.50 99.0%
10 16.59 66.02 99.4%
20 13.91 55.61 98.5%
50 12.18 48.74 99.6%
* Electrodes donated by JME Capacitor Inc.  
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Figure C.1. Specific capacitance of single electrode as a function of current density.  
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Figure C.2. Specific capacitance of single electrode as a function of cycle number for symmetric capacitor 
made of 95 wt% RP-20 electrodes cycled at 20 mA/cm2. 
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Figure C.3. Specific capacitance of single electrode as a function of cycle number for symmetric capacitor 
made of 90 wt% RP-20 electrodes cycled at 20 mA/cm2. 
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Figure C.4. Specific capacitance of single electrode as a function of cycle number for symmetric capacitor 
made of 95 wt% YP-50F electrodes cycled at 20 mA/cm2. 
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Figure C.5. Specific capacitance of single electrode as a function of cycle number for symmetric capacitor 
made of 90 wt% YP-50F electrodes cycled at 20 mA/cm2. 
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Figure C.6. Specific capacitance of single electrode as a function of cycle number for symmetric capacitor 
made of 95 wt% Ketjenblack EC-600JD electrodes cycled at 20 mA/cm2. 
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Figure C.7. Specific capacitance of single electrode as a function of cycle number for symmetric capacitor 
made of 90 wt% Ketjenblack EC-600JD electrodes cycled at 20 mA/cm2. 
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Figure C.8. CV curves of RP-20 (top – 95 wt%, bottom – 90 wt%) at different scan rates and the voltage 
window range between -1 to 1 V. 
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Figure C.9. CV curves of YP-50F (top – 95 wt%, bottom – 90 wt%) at different scan rates and the voltage 
window range between -1 to 1 V. 
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Figure C.10. CV curves of Ketjenblack EC-600JD (top – 95 wt%, bottom – 90 wt%) at different scan rates 
and the voltage window range between -1 to 1 V. 
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Appendix C2 Asymmetric Capacitors 
Sample calculation to determine the capacity needed for the deposition in order to 
prepared a positive electrode with a known active mass, 0.0553 g. 
Faraday’s Law of Electrolysis: 
Q Mm
F z
=           (C.2) 
where  m = active mass (g) 
  Q = the total electric charge passed through the substance (C) 
  F = Faraday constant, 96485 C/mol 
 M = molar mass of the Ni(OH)2, 92.708 g/mol 
   z = electrons transferred per ion, 1.6 for electrochemical deposition 
The deposition efficiency is 37.5% according to Seiger. Therefore, equation C.2 becomes 
0.375
0.0553 96485 1.6
92.708 0.375
245.56
m F zQ
M
Cg
mol
g
mol
C
× ×
=
×
× ×
=
×
=
 
Then convert Q to capacity in the following way: 
245.56 0.0682
3600
hCapacity C Ah
s
= × =  
 
 
 
 
 
 
 
 
 
 
106 
 
Table C.2.  
Summary table of all asymmetric capacitors (nickel-carbon foam/95 wt% YP-50F) with 
different mass ratios. 
Cell #/ Mass 
Ratio (-ve/+ve)*
Current 
Desity 
(mA/cm2)
Cell 
Capacitance** 
(F)
Specific 
Capacitance 
(F/g)
Specific 
Energy 
(W.h/kg)
Specific 
Power 
(W/kg)
Efficiency
SW 89 5 16.83 93.64 20.41 53.90 91.39%
4.98 10 15.22 84.65 17.07 104.80 95.26%
4.66 20 13.21 73.48 12.17 198.54 97.12%
50 8.79 48.92 3.92 405.90 98.34%
SW 90 5 16.65 92.61 20.17 51.65 91.05%
4.99 10 15.19 84.50 17.14 100.09 94.70%
4.66 20 13.23 73.60 12.17 188.70 97.08%
50 8.86 49.26 3.93 397.08 97.97%
SW 91*** 5 17.29 76.93 17.54 53.44 85.99%
1.54 10 16.02 71.30 14.85 103.60 92.88%
1.54 20 13.83 61.57 10.47 193.51 95.82%
50 7.93 35.31 2.73 382.43 96.03%
SW 92 5 19.35 63.60 15.20 40.67 98.25%
0.80 10 17.55 57.71 13.40 80.61 99.51%
0.84 20 14.60 48.00 10.43 157.20 99.79%
50 10.48 34.44 6.01 365.02 99.77%
SW 93 5 24.88 81.11 18.97 37.48 98.84%
1.49 10 21.77 70.97 15.78 73.70 99.47%
1.54 20 16.85 54.95 10.69 140.79 99.51%
50 11.05 36.02 5.53 325.53 98.37%
SW 94*** 5 19.87 90.56 18.31 48.05 98.91%
6.80 10 18.31 83.45 14.34 92.84 99.41%
6.50 20 15.31 69.76 10.97 157.75 99.70%
50 8.03 36.60 1.75 292.33 99.79%
SW 98 5 23.01 101.45 23.38 67.66 97.92%
3.73 10 20.80 91.74 19.28 132.57 99.10%
3.30 20 17.98 79.30 14.05 246.78 99.57%
50 11.68 51.53 5.23 497.31 99.90%
SW 100 5 15.66 76.06 17.49 58.93 95.73%
10.01 10 13.61 66.11 14.82 113.26 98.49%
8.00 20 11.44 55.57 8.82 194.54 99.32%
50 6.91 33.54 1.91 379.23 99.02%
SW 102 5 17.44 84.70 19.65 59.11 97.95%
9.98 10 15.62 75.82 16.51 115.67 98.62%
8.00 20 13.06 63.40 11.29 215.77 99.40%
50 6.91 33.54 1.91 389.23 99.04%
SW 103 5 19.58 86.87 20.16 55.58 97.97%
7.41 10 17.23 76.43 17.00 109.55 98.84%
6.50 20 14.04 62.31 12.44 210.86 99.52%
50 7.83 34.76 1.74 355.50 99.15%
SW 104 5 24.14 104.24 24.45 67.68 98.77%
3.71 10 21.84 94.32 20.38 132.31 99.52%
3.30 20 18.88 81.54 15.09 246.89 99.43%
50 13.23 57.13 5.52 498.05 99.91%
* the first mass ratio indicates the measured mass ratio based on 0.2 C-rate discharge capacity of positive electrode, where as
    the second mass ratio indicates the target mass ratio
** difference in cell capacitance may due to thickness and diameter of the electrodes, where as
*** relatively low efficiency compared to other cells  
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Figure C.11. Specific capacitance as a function of discharge current density of SW 89 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.12. Specific capacitance as a function of discharge current density of SW 90 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.13. Specific capacitance as a function of discharge current density of SW 91 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.14. Specific capacitance as a function of discharge current density of SW 92 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.15. Specific capacitance as a function of discharge current density of SW 93 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.16. Specific capacitance as a function of discharge current density of SW 94 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.17. Specific capacitance as a function of discharge current density of SW 98 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.18. Specific capacitance as a function of discharge current density of SW 100 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.19. Specific capacitance as a function of discharge current density of SW 102 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.20. Specific capacitance as a function of discharge current density of SW 103 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.21. Specific capacitance as a function of discharge current density of SW 104 and EDLC (95 wt% 
YP-50F electrodes). 
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Figure C.22. Specific capacitance and efficiency as a function of cycle number of SW 93 (mass ratio of 
1.49) cycled at 10 mA/cm2 
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Figure C.23. Specific energy as a function of mass ratio of all the asymmetric cells cycling at a current 
density of 10 mA/cm2. The red color point has a lower value was due to the cell was having a lower 
efficiency (~86%). 
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Table C.3.  
Average values of every 1,000 cycles cycled at 10 mA/cm2. 
Average 
values after 
x cycles #s
Cell #
Mass Ratio         
(-ve/+ve)
Specific 
Capacitance 
(F/g)
Specific 
Energy 
(W.h/kg)
Specific 
Power 
(W/kg)
Efficiency
SW 92 0.80 55.33 12.61 80.47 99.76%
SW 93 1.49 65.45 13.67 73.19 99.54%
SW 91 1.54 66.90 13.90 104.15 86.24%
SW 89 4.98 74.95 16.63 134.75 98.62%
SW 92 0.80 54.21 12.36 80.41 99.76%
SW 93 1.49 62.48 12.93 73.02 99.60%
SW 89 4.98 68.81 15.52 135.18 98.95%
SW 92 0.80 53.41 12.18 80.36 99.76%
SW 93 1.49 59.62 12.25 72.94 99.48%
SW 92 0.80 52.77 12.02 80.33 99.74%
SW 93 1.49 57.18 11.68 72.80 99.12%
SW 92 0.80 52.13 11.87 80.30 99.74%
SW 93 1.49 55.37 11.24 72.66 98.90%
SW 92 0.80 51.44 11.70 80.28 99.73%
SW 93 1.49 54.03 10.92 72.55 98.59%
SW 92 0.80 50.69 11.52 80.25 99.72%
SW 93 1.49 52.07 10.43 72.31 98.35%
SW 92 0.80 49.95 11.33 80.22 99.69%
SW 93 1.49 50.29 9.96 72.02 98.19%
SW 92 0.80 49.17 11.12 80.16 99.62%
SW 93 1.49 49.47 9.75 71.84 98.16%
SW 92 0.80 48.40 10.89 79.98 99.50%
SW 93 1.49 49.10 9.64 71.74 98.14%
1,000
2,000 
3,000
4,000
9,000
10,000
5,000
6,000
7,000
8,000
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Table C.4.  
Summary table of all asymmetric capacitors (nickel-carbon foam/95 wt% Ketjenblack 
EC-600JD) with different mass ratios. 
Cell #/ Mass 
Ratio (-ve/+ve)*
Current 
Desity 
(mA/cm2)
Cell 
Capacitance** 
(F)
Specific 
Capacitance 
(F/g)
Specific 
Energy 
(W.h/kg)
Specific 
Power 
(W/kg)
Efficiency
SW 96 5 6.20 73.22 16.23 135.49 96.97%
4.79 10 5.89 69.47 13.22 258.09 98.51%
4.66 20 5.40 63.68 8.72 465.73 99.30%
50 4.26 50.30 2.49 886.77 99.20%
SW 101 5 8.83 34.77 8.55 46.31 99.05%
0.50 10 8.19 32.26 7.67 91.98 99.25%
0.39 20 7.12 28.05 6.14 178.53 99.67%
50 4.80 18.91 3.17 405.81 99.73%
SW 105*** 5 4.97 57.40 12.99 136.75 98.62%
12.87 10 4.44 51.36 10.67 265.25 99.15%
6.50 20 3.66 42.31 7.21 495.52 98.77%
50 2.59 29.91 3.05 1044.21 99.24%
* the first mass ratio indicates the measured mass ratio based on 0.2 C-rate discharge capacity of positive electrode, where as
    the second mass ratio indicates the target mass ratio
** difference in cell capacitance may due to thickness and diameter of the electrodes
*** technical fault during the deposition process-the position of the electrode shifted  
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Figure C.24. Specific capacitance as a function of discharge current density of SW 96 and EDLC (95 wt% 
Ketjenblack EC-600JD electrodes). 
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Figure C.25. Specific capacitance as a function of discharge current density of SW 101 and EDLC (95 wt% 
Ketjenblack EC-600JD electrodes). 
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Figure C.26. Specific capacitance as a function of discharge current density of SW 105 and EDLC (95 wt% 
Ketjenblack EC-600JD electrodes). 
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Figure C.27. Specific capacitance and efficiency as a function of cycle number of SW 105 (mass ratio of 
12.87) cycled at 10 mA/cm2. 
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Appendix D  Permission of Reprint 
The material in the following paper was reproduced in Figure 1.1. 
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The material in the following paper was reproduced in Figure 2.2. 
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The material in the following paper was reproduced in Figure 2.5. 
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